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FOREWORD

This document is cne of the final reports identified in the accompanying docu-
ment tree presenting the results of a Preliminary Design Study of a Lunar
Local Scientific Survey Module {LSSM). This study was perfcrmed for the
National Aeronautics and Space Administration, Marshall Space Flight Center,
Huntsville, Alabama under Centract NAS 8-11411, Modification No. 2, by

The Boeing Company with the assistance of General Motors Corporation —
Defense Research Laboratories and A. C. Electronics Division, Radio

Corporation of America, and the Garrett Corporation — AiResearch Division.

The NASA Technical Supervisor for the coatract was Mr. Lynn L. Bradford,
Advanced Systems Office, Marshall Space Flight Center.

BACKGROUND

The Apollo Applications Program (AAP) has been proposed to extend the capa-
bilities of Apollo systems to extensive Earth and lunar orbital, and lunar
surface, scientific operations. In a typical AAP lunar surface mission, two
flights will be made to the lunar surface. The first will deliver a LlEM-
Shelter, together with scientific and operational support equipment. The
second ﬂightr will deliver two astronaut-scientists in a LEM-Taxi to the
vicinity of the LEM-Shelter. A key element of support equipment delivered

by the first flight will be surface mobility aids to extend the astronaut's

range of exploration. These mobility aids may include one or two lunar local
scientific survey modules (LSSM's) and/or a lunar manned flying system (MFS).
The LSSM, a manned lunar surface vehicle, will transport a pressure-~suited
astronaut and an extensive inventory of scientific equipment on sorties of up

to 6 hours duration within an area of 8-kilometer radivs about the lunar

landing site,

ii
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LSSM GENERAL DESCRIPTION

The baseline LSSM vehicle, as illustrated below, is a six-wheeled semi-
articulated vehicle capable of traversing the lunar surface under direct control
or an on-board pressure-suited crew member. The forward unit provides
crew station, life support (PLSS) stowage, and space for carrying a cargo of
scientific equipment or a second astronaut. The aft unit carries equipment

for communications, navigation, drive system electronics, and power, The
L.SSM is designed to provide transportation of an astronaut-scientist and a
320-kilogram (700 pound) load of scientific equipment for round trips of up to

26 kilometers in traversed distance on the lunar surface.

The four-wheeled forward unit and the two-wheeled aft unit are connected by a
flexible frame to provide freedom of pitch and roll movement between the two

units. Ackermann-type steering is used on both front and rear wheel paira.

The 1.02-meter (40-inch)-diameter wheels are of flexible~-wire-frame
construction. Each wheel is mounted on a parallelarm sucpension with torsion
bar springing and a viscous damper. The wheels are driven by individual

electric motors through a harmonic drive gear reduction,
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Electric power is provided by two 3-kilowatt-hour silver-zinc storage batterics

that are recharged betwecnsortics from the LEM-Shelter power system. A 50- ¢
watt SNAP 27 radioisotope power system supplies the small amounte of power

required during lunar storage, when the LSSM cannot be dependant on the

LEM-Shelter.

Communications are provided by S-band and VHF equipment adapted from LEM
designs. Direct two-way voice communication with Earth is provided, as well as
a 1,6 kilobit-per-second telemetry capability for vehicle monitoring and

scientific data tr~nsmiasior, : '

A piloting mode of navigation ia provided by an odometer distance measurement

system and an inertial measurement unit for heading information.

All of the electrical and electronic equipment is packaged on the aft unit and
uses a passive thermal control system. Elements of this syatem include the
thermally insulated cornpartment, ‘a segmented horizontal sapace radiator, and
a two-phase wax heat sink. The heat-sink rmaterial permite spreading the high
heat-rejection loads of the $-hour sorties over a 24-hour duty cycle, thus

minimizing radiator area requirements.

The crew station provides a seat with adjustable foot position for a range of
aatronaut sizes, a folding boarding platform, a side-arm controller for vehicle
throttle, brake and steering functicne, and a control and display panel. The

seat and support structure (ro!l bar) fold for stowage on the LEM-Shelter.

Life support is provided by the astronaut's pressure suit and three portable
life support systom (PLSS) unite, One of these is worn by the zetronaut and
used for oporations off the vehicle, Ths other two unite are vehicle-mounted
and provide for on-board operations 2nd an emargency regerve,"Y" connectione

on the suit parmit rapid and reliatlc transfer frorn cns unit to another,
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The LSSM provides for a variety of both vehicle-mounted and vehicle-transported
scientific equipment. Major elements include a 3-meter drill (20 kilograms) in
the first category and the emplaced scientific station (ESS) (136 kilograms) in

the second category,

LSSM OPERATION AND PERFORMANCE

After delivery to the lunar surface as part of the total lunar exploration payload,
the LSSM may remain in its stowed position on the LEM-Shelter for up to six
months. During this storage period, critical system parameters are monitored
by telemetry tiansmission to Earth using the LSM-Shelter S-band equipment.

A signal umbilical connecting the LSSM telemetry system to the LEM-Shelter

communications system is provided for this purpose.

The operational mission begins with arrival of the two-man exploration crew

in @« LEM-Taxi. The LSSM is unloaded from the LEM-Shelter by the men using
mechanical unloading aids as necessary. The LSSM tie~down and unloading
system i8 currently considered an element of payload integration hardware, and
not an element of the LSSM system. Technical consideration of requirements in

these areas are included in this study, but no resource allocations are provided.

The operational mission involves a series of one-man, b6<hour sorﬁes within an
8-kilometer radius of the LEM-Shelter. The sorties vary in distance traversed
and scientific activity accomplished withii. the two principal constraints of 6-hour
duration and 6-kilowatt-hour energy reserve in the fully charged LSSM batteries,
Typical extremes are a 26-kilometer traverse distance combined with 1. 3 hours
of scientific obs~rvation, and a l6-kilometer traverse distance combined with

3 hours of activity to drill a 3-meter hole and install an emplaced scientific

station,

The LSSM is capable of performing its rnisseion in a wide variety of lunar terrain

conditiens, Drawbar pull-to-weight ratio ranges from 0. 56 in hard soils to 0,13
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in extremely soft soils (bearing pressure of 1 psi per foot sinkage). Average
velocity capability ranges from 7.2 kilometers per hour across maria profiles
to 5, 6 kilometers per hour across typical uplands profiles. Maximum design
speed on level, smooth terrain is 16 kilometers per hour. The vehicle is
capable of negotiating 130-centimeter-high step obstacles and l42-centimcter-
wide crevices., The vehicle is statically stable to 52 degrees in roll and 62
degrees in pitch, and is dynamically stable for all conditions of speed and
turning radius on any slopes expected to be encountered in the lunar maria

or uplands.
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1.0 INTRODUCTION

1.1 GENERAL

This document reports the technical work accomplished by GM Defense

Research Laboratories {(GM DRL), General Motors Corporation, under
Boeing Purchase Order K-634755-9548, Change #2 (NASA Prime Contract
NAS 8-11411), on the Preliminary Design Study of a Lunar '"Local Scientific
Survey Module'" (LSSM).

The major objectives of the program were to conduct a preliminary design of

the selected LSSM ccncept with emphasis on the mobility syastem, and to perform

a performance analysie of the derived design.

To accomplish these technical objectives, the folliowing approach was takan and

the results are reported herein:

A review was made of existing lunar surfsce wheeled vehicle concepts

to determine the best approsch to LSSM dosign.

A range of feasible LSSM concoeptual configurations was defined and

their performance characteristics determined.

Based on systern restraints and performance recuirements, a selection
was made of the conceptual appreach considered most promising for
LSSM baseline design. The configuration selected was a & x 6 semi-
articulated vehicle consisting of a 2-wheel unit connected to 2 4-wheel

unit through a flexible frame ccupling. All wheels would be individually
powered.

‘The major mobility subsyatems, cenaicting of wheels, wheel drive

mechenisms, suspension, eteering, chassis-framas and clectric drive

D2~83012<1]
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system, werc designed to given performance and environmental
requriements, and incorporated into a complete mobility system

assembly,

An overall LSSM system conceptual design was performed to achieve
integration of all LSSM subsystems including power, communicatiuns,
navigation, crew accommodations and scienti{ic equipment, in

addition to the moi:ility system.

A detailed mobility performance analysis of the baseline LSSM was
performed including characteristics pertairing to eoft ground mobility,

obstacle capabiiity, mancuverability and dynamic ride behavior.

Deaign and functional epecifications were prepared for the mobility

system.

Failure mode and reliability analyses were performed for the mobllity

system.
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1.2 REQUIREMFNTS

Major requirements affecting LSSM concept selection ard the design of the

mobility eystem were:

o Maximum LSSM system mases 2500 lbm (1140 kg).
o Maximum mase without cargo or operator 1540 lbm (760 kg).

o Ability to transport up to 700 lbm (318 kg) of specified scientific
equipment, or a second astronaut in place of the cargo.

o Speed of at least 5 km/hr on level soft soil (ko = 0.5, n=0.5).
o Speed of at least 8 km/hr on level compactod soil (kG = 6.0, n=1,25),

o Ability to negotiate all soil and slope combinations specified in
Engine~ring Lunar Model Surface (ELMS), KSC TR-83-D.

o Average speed capability over ELMS should be at least 5 km/hr.

o Maximum mobiiity and maneuverability over as wide a range of
possible lunar surface conditions as practicable.

o 200 km (125 miles) total travel in 14 day (earth) period, maximum
gortie distance of 25 km {16 miles), minimum opsrational radius of
8 km (5 miles) from LEM/Shelter.

¢ Lunar day or night opersational capzability.
o Capable of being stored in standby mode for at least 6 rnonths.
o Compatible with volume constraints of LEM/Shelter.

o Capable of being unloaded and deployed on the lunar aurface by one
astronaut.

o Capable of withstanding all handling, transportation, launch, flight,
staging and operational loads.

o Mission success and crew safoty are prime design objectives.
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2.0 REVIEW OF EXISTING WHEELED VEHICLE CONCEPTS

2.1 APPROACH

In order to assist in the formulation of LSSM vehicle concepts compatible with

system and mission requirements, a literature search was conducted to gather
together as many previously proposed lunar wheeled vehicle concepts as possible.
This revicw was limited to wheeled vehicle corcepts sincce etudies performed
during the MOLAD Program had shown that, on the basis of locomotion efficiency
and reliability in the expected lunar environment, wheels would be the most

practical mode of locomotion over the lunar surface.

From a review of the references listed in Figure 2.1.1, it was determined that
at least forty-seven (47) wheeled vchicle concepts had been previously considered
or proposed for lunar use. Theee are summarized in Figure 2.1.2 according

to preposing organization, literature source, vchicle type, and available char-

acteristics.
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2.2 DISCUSSION

These concepts encompassed both rigid - and articulated - frame types ranging
from gyro-stabilized single wheel devices (1 x | ) to train - type vehicles for
extended lunar exploration (10 x 10), Mags2s ranged from about 50 lbm to
25,000 lbm. As would be expacted, the largs majority of the proposed concepts
weres of the 4-whee!l varlety, with 6 -whee!l versions next in popularity. This is
not surprising because, unless the lunar esurface is radically different from what
so far has beon considerad, vehicle concepts based on either four or six wheels
would strike a reasonzble balance between performance and simplicity for

moest mizaions.

Insofar as LSS.if application was concerned, simple analyseo based on system
constreints and performance requirements resuited in the conclusion that only
4x 4'es and 6 x 6's should bo sericusly considered. Concepts with leea than four
wheels were eliminated on the basis of one or more of the following factors:

o Stability conaiderations

o Poor obstacle capability

o Poor payload carrving capacity.

Concepts with more than six wheels were considered not practicsl for LEEM
application on the basis of the following:

o Undue deaign complaxity

o Poor meaneuverability characteristics

o Difficultics of atowage in LEM/Shelter envelope unless wheel
diameaters were kept amall.

o Mobility performance in the soiter soils would be poor due to
small whaeel diameters.

D2-83012-1
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3.0 ASSEMBLY OF LSSM COCNCEPTUAL CONFIGURATIONS

5.1 APPROACH TO BASELINZ SELECTION

Conceptual layouts (both in the stowed and operationzl cenfigurations) were
prepared of ten 4 x 4 and 6 x 6 designs, ranging in size {rom the smallest
considered practical to the largast that could ba stowed within the available

LEM/Sheltar space envelope,

These concepis encompaesed the following mobility configurations:

o 4 x 4, rigid frame, fixed wheel geometry

o 4 x 4, rigid frame, variable wheel geometry
o 4 x 4, articulated frame
o 6 x 6, semi-flaxible frame

o 6 x 6, fully-flexible frame

All concepts utilized flexible wheels with diameters ranging fromn 36 to 48
inches, For the 4 x 4's, prirnary steering modas considerszd incluced front-
wheel Ackermann, double Ackermann and frame articulation, In the case
of the 6 x 6's, doubie Ackermann, combined Ackermann-articulated, and

double frame-articulation were conesiuared,

The ten configurations can beo dsscribed briefly as follows:

CUONCEPT NO, DESCRIPTION

(i} Large 4 x 4, rigic frame, trailing arm rear suspensicn
(roar suspension arms rotated at deployment to achieve .

largo wheclbase)

(2) Laxrge 4 x 4, GOER-typo articulated frame

(3) Large 6 x 6, semi-fiexible frame (4-wheel unit forward)
(4) Large 6 x 6, semi-flexible frame (d-whoel unit forward)
{5) Lasge 6 x 6, articulated in pitch only

(6) Large 6 x 6, fully flexible frama

D2-83012-1
Page 3-1




CONCEPT NO. DESCRIPTION

(7 Small 4 x 4, rigid frame

(8) Small 4 x 4, GOCER-type articulated frame
(9) Small 6 x 6, semi-floxible frame

(10) Small 6 x 6, articulated in pitch only

The dimensional characteristico for these concepts are given in Figure 3.1, 1.
Soma of the typical configurations coneidered are shown in the sketches of

Figure 3. 1. 2.

A simplified mcoility performance analysis was conducted for each of the
concepts listed. Included were estimalions of drawbar pull to weight ratio
over ELMS and Annex G soft soils, locomotion encrgy requirements over
the ELMS Maria and Uplands models, obstacle performance, turning radius
and static stability, In order to make the necessary calculations, vehicle
masses were estimated based on parametric subsystem data contained in
Boeing Documant D2-83221-1 entitied "AES/LSSM Anxzlysis and Conceptual
Design", dated Juns 1965, For these masc estimatos it was assumed that
all "large" vehicles carried 270 kg (594 Ibm) of scientific equipment; the
"small" ones 150 kg (330 lbmn), The estimated mass breakdowns for the ten
concepts is shown in Figure 3. 1, 3. In addition, equal wheel loadings were

assumed in all czoes.,

Drawbar pull was calculated for the softes. specified ELMS soil (lc6 = 0,5,
n=05, ¢= 32°) and for a very week soll used in the Surveyor Lunar Roving
Vehicle (SLRV) study (kg = 0,083, n = 1.0, 8= 20°), Step obstacle and
crevice crossing capabilities were estimated on the busis of model studies
previously conducted in the MOLAB and SLRV programs., Turning radius
and off-tzacking could be calculated from the known vchicle geometries.
Calculaticns of static pitch and roll stability limits were based on conter-of-
gravity heights estimated from the mass broakdowna of Figure 3. 1. 3, Loco-
motion energy roguirements were astimated by scoling results previously

obtained for vehicles of similar sizre and mass., These requirements assumed

D2-83012-1




P e b Sata ]

CHARACTENISTICS (1) ! (2) (4) (%)
VWWheelbage (in) 112 @5 £8/62 62/58 60/60
Tread (in) 82 85 82 82 60
Wheal Diz (in) 48 48 40 40 45
Wheel Width (in) 10 10 10 9 11
C. A. Length (in) LY 144 166 160 165
0, A, Vidth (in) 92 92 g2 92 80
GRD, Ciearance (in) 22 24 18 18 19
(6) (7). . {8)_ 9} (10}
Wheelbase (in) 67.5/67.5 85 80 54/54 54/54
Trecad (in) 69 60 48 48 48
Wheel Dia {in) 45 40 40 36 36
Vheal Width (in) 11 10 10 9 9
0. A, Length {in) 130 125 120 144 144
(. A Width (in) 80 70 58 57 57
GaD, Clearance {in) 20 20 18 16 17
Figuro 3. 1.1 - Dimensional Characteristics of
L3804 Concepiual Coniflguraticns
D2e32010al
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CONCEPT NO.,

- (1) {2) (3) (4) (5)
System LBM LBM LBM LBM LBM
Mobility 504 504 509 509 543
Power 220 220 220 220 220
Astrionics 139 139 139 139 139
Crew 88 88 88 88 88
Scientific 594 594 594 594 594
Astronaut 200 260 200 200 200
PLSS (3) ' 145 145 145 145 145
TOTAL ‘ 1890 1890 1895 1895 1929

(6) (7) (8) {9) (10)
System LBM LBM LBM LBM LBM
Mobility 543 271 271 286 285
Power 220 198 198 198 198
Astrionics 139 114 114 114 114
Crew 88 66 66 66 66
Scientific 594 330 330 330 330
Astronaut 200 200 200 200 200
PLSS (3) 145 145 145 145 145
TOTAL 1929 1324 1324 1340 1340

Figure 3.1.3 - Estimated Mass Breakdown

For ILSSM Conceptual Configurations

D2-83012-1
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a traverse half over the ELMS Maria; and half over the ELMS Uplands. In
addition, all concopts were assumed to have a drive system efficizncy of

46% and a 35% contingency factor was added to allow for energy expeznditure
due to gurface roughness. A summary of the estimated performance char-

acteristics i shown in Figure 3. 1. 4,

A preliminary design review waa held to evaluate and compare the proposed
cencentuel configuratiens, The purpore was to reducs the number of practical

approaches to baseline L5SM design as much as possible.

Based on factors such as eatimates of mobility performance, mission require-
ments, payload carrying capacity, available mass, complexity and growth po-
tential, it was decided that only the large 4 x 4 rigid frame and 6 x 6 semi-
flexible framo configurations should be further conoldered for LSSM design.

These concepic are depicted below with their major dimensional characteristics.

(Concept 1} (Concept 3)
Large 4 x 4 - Rigld-Extended Lazsge 6 x 6 - Semi-Flexible
Trailing Arm
Cwverall Length - 169 in (406 cm) 160 in (406 cm)
Overall ¥Width - 92 in {234 cm) 92 in {234 cm)
Vheclbase - 112 in (284 cm) 58/462 in (147/157 cm)
Wheel Dismeter - 48 in {122 crm) 40 in (102 cm)
Whesl Width - 10in (25.4 cm) 10 in (25, 4 in)
D2-53012.1
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3.2 PERFORMANCE COMPARISCN OF LSSM CONCEPTS

A more comprehensive performance analysis was then performed for these
concepts, including soft ground, slops climbing and obastacie capability,
locomotion energy requirements, stability and maneuverability. The majority
of the calculations were made for a groes vehicle macs of 1800 lbm (816 kg),
which was the estimated baszlire mass at the time this work was cone
ducted, with all wheels equally loaded. Canter of gravity heights above the
ground were estimated to be 32 inches for the 6 x 6 and 34 inches for the 4 x 4,
due to thg larger wheel diameier. Wheel deflections on hard surface were

1.67 inches in beth casas.

The equations and techniquﬁ to evaluate soft grcund and slope climbing
{drawbar -pull to weight ratio) capability, stability, maneuverability and
energy requirements are given in Sections 5.2 and 5.4 of this report. The
only important difference hetween the present analysis and the baaeline L.SSM
mobility anaiysis in Section 5.0 {s the fact thati in this cace & drive sysiem
efficiency of 40% wes essumed, constant over the entire speed range, whercas
for basclina svaluation the drive system efficiency was a known function of

speed.

Figure 3.2.1 compares the tctal motion re~istance of the 4 x 4 concept with

48 inch diumetors with that of the 6 x 6 with 40 inch wheels. The comparison
wes made for two scils; the scitest ELMS (ky = 0.5, n = 0.5, § = 32°), and the
very woak acoil previously ue=d {n the SLRV atudies (ke 0,083, n=1.0, @ - 20°)
Motion resistance has been plottc? asg & function of vehicla mass, with the range
of interect for LSSM deaign irdicatsd. Although absolute differences batween

the two concepio do not appear to be large, thay could be aignificant in terms of

energy requirements since thess are a dirsct {unction of reaistanco.

Figure 3.2.2 shows test results obtained from single wheel teste conductad
under conivollad corditiona in the GM DRL aoll bin, They illuastrate the effect
on motion resistance of raultiple pasees made by a wheo!l running in the camae

rut. It can bs agen thet there is 2 ducrenss in rgsiatance on hoth the second

D2-830i2<i
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KOTIGH RESISTANCE

TOVED 7G3-15 PNEUMATIC TIRE

In SAND
WHEEL LOAD = 140 LBF (623 NEWTONS)
LBF) KEWTONS c-0
‘ .30
.0
70 c
15 : n -2
- 60
50
10~
-40
. 20 .
INFLATICN PRESSURE 1.0 PSI
54 20 (0.69 NICM2)
- 10
1 Il 1
e Z 3

PASS

Figure 3.2,2 - Multiple Pess Test Resuits
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and third passes. Since all calculations of motion resistance, drawbar pull
and locomotion energy are based on the assumption that all wheels operate ir
virgin soil, it can be deduced that in the case of tracking wheels the advantages
of a 6 x 6 over a 4 x 4 are greater than can be indicated by the usual analytical
techniques. The inflation pressure used for these tests was 1.0 psi, as

compared to the estimated LSSM ground pressure of 0.5 - 0,7 psi.

The impact of the lose of drive to one wheel due to mechanical or electrical
failure is graphically presented in Figure 3.2.3 for the 6 x 6 and 4 x 4 LSSM
concepts in terms of drawbar -pull -to-weight ratio. Note that in the very soft
k
(kg

DP/W ratio of more than one-half. Even in a very compact soil (ko = 6),

= 0.083) soil,loss of drive to one of 4 x 4 wheels results in a reduction of

where the drawbar pull capability of the two concepts is equal when all wheelo

are driven, degradation for the 4 x 4 is much greater than for the 6 x 6.

The chart of Figure 3.2, 4 summarizes the estimated capabilities of the 4 x 4

and 6 x 6 concepts over the obataclea specified in "Annex G, Mobility Criteria,
April 1964', an attachment to the statement-of -work. (The obatacles and their
modeer of negotiation are depicted in Figures 5. 3. 1 and 5. 3.2 of this report.
Perhaps the cases of greatest interest are Obstacle 2 - Mode 2 which represents
crevice crossing, and Obstacle 2 - Mode 5 which is the case of a vehicle climbinrg
a vertical step obstacle.) The capabilities shown are based on modelrtest results
obtained for 4 x 4 and 6 x 6 concepts during the MOLAB program. The results
ghown are somewhat idealized as they do not consider the effect of suspension,
unusually high c.g., or unequal axle locad dietribution. Thay are, however,

indicative of the relative performance of ilic 1.SSM concepts under considera‘ion.

Estimated peak torque requirements as a function of step height, based on model
test results, are plotted in Figure 3.2.5 for a 6 x 6 semi-flexible frame vehicle
with 40 inch wheels and a 4 x 4 rigid-frame vehicle with 48 inch wheels. For a

given obstacle height, the 6 x 6 concept requires significantly less torque than

D2-8301Z-1
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the 4 x 4. Furthermecre, the torque requirsments of the 4 x 4 increase
rapidly as step height increacaes, in comparison to the 6 x 6. Designing the
4 x 4 fo1 a step height capability of 50 em (20 inches) and the 6 x 6 for a
capability of 100 cm (40 inches) weould rasult in a significantly larger drive
system for the 4 x 4, ‘

In addition to the results illustrated, calculations were made of drawbar

pull to weight (DP/W) ratio, turning radius, pitch and roll stability and
locomotisn ensrgy. The rosults of the performance analysis are summariced
in Figure 3,2.6. It can be seen from this and previously illustrated resuits
that the 6 x 6 semiflexible frame concept is superior to the 4 x 4 rigid frame
configuration in all aspects of mobility performance. Furthermore, qualitative
assossmants of failure mods operation and system reliability aluo appeared

to favor the 6 x 6, due to {nherent subsystem radundencios. 3ince the 4 x 4
appeared to have littlc if any advantage from thae points-of-visw of {factors

such as mass, design simplicity or payload carrying capacity, the 6 x 6

semiflexible framae configuration was selectsd for L33M baseline design.

DZi«82012.}
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4,0 DESCRIPTION CF BASELINE LS83M CONCEPT

4,1 DIZCUZISION OF ALTERNATE L2SM CONIIGURATIONS

Two alternate versions of the 6 x 6 semiflexible frama configuration were

originally considered for baselins design.

Both consisted of a four -wheeal forward unit coupled to a2 two-wheel aft unit
through a flexible frame,which permits the two units to pitch and roll relative
to sach other. This feature parmits the wheele to maintain contact with the
gruound and provide traction even over se\ rely undulating terrain, and also
greatiy enhances obstacle croseing capability. In both czees, the crew
station and accommodations for scientific equipment were located on the
forward unit; the aft unit carried a théermal compartment which housed navi-
gution, telecommunications, drive elacironica and power systems. All major
dimenzions such as whecel size, ovarall length and width, wheel base, etc.
were identicsl. The only imporiant diiferences between the two versione were

in steering and suspension design.

One veraion {Figure 4.1.1) was eimilar to MOLAB in that it incorporated
Ackermann-typa steering of the front wheels of the forward unit and articulated
steering of the aft unit. In the second version (Figure 4.1.2) the wheels of tho

i unit were also Ackermann steeved.

With respect to suspension design, the first version had parallel arm-type sus-
nansiona at the {ront wheele, and trziling arm suspensicns on the center and
aft sete of wheecls., The sacond veraion incorporated identical paralle!l arm-

typs suspensions throughout.

In the ezrly stages of the study, the decislon wae made to wiilizge the first
vercion as the baseline L3SM concept. This was due largeiy to two factors:
o Articulured steering of the aft unit permitted a8 wider thermal
com' s-tment since there would hs 5o whaal encreachment as in
the cess « Ackermann stesring.
o Due to chassin gaumestry, trmiling arm cuspeneions zppsared to

be nimpler to {natell ai the center and v2ar whaels than parallal y,/

w2 atntt 1
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However, as preliminary deaign of the mobility sysiem progressed and
systern requirements became better dofined, it wae determined that the

major objections to the second version were not critical,

Since use of identical steering mechanismes for the forward and aft units
and identical suspensions at all wheels would regult in a simpler design
and greatly reduce development and testing requiremeonts, the concept
with double-Ackermann steering and parallel arm-type suspensions

threughout was redefined as the baseline L SSM,

D2.83612-.
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4,2 BASELINE 1SSM CONFIGURATION SUMMARY

The baseline LSSM as it fina’lly evolved in the course of this study is shown
in its operational mode in Figures 4.2.1, 4.2.2 and 4.2.3. The crew
accommodations system including seat, controls, displays, roll bar and
PLSS, and scientific equipment are located on the forward unit, DBatteries,
power distribution and regulation equipment, drive electronica, tele -
communications and navigation equipment are located in a thermal com-

partment on the aft unit.

In order to stow the LSSM in the LEM/Shelter space envelope (Figure 4.2.4),
it is necessary to collapse the vehicle by sliding the flexible fram2 assembly
into the forward unit chaseis. In addition, crew station roll bar, controle
and display conaole and antennas are either collapsed or folded to satisfy
envelope constraints. The SNAP-27 is attached to the forward unit frame
and provides power for heating during transit and storage. Life support aye-
tems and sclentific equipment are placed on the vehicle only after deployment

on the lunar surface.

A mass summary of the baseline LSSM is given in Figure 4.2.5 for two cases;

when carrying maximum scientific payload and during a typical sortie,

The general characteristics of the baseline 1LSSM (typical sortie case) are

given in Figure 4.2.6.

D2-830!2-1
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Gross Vehicle Mass (with Crew)
C.G. Height Above Ground - Overall
Forward Unit
Aft Unit
Axle Load Distribution
Front
Center
Rear
Overall Length
Overall Width
Wheel Diameter
Wheel Width
Wheel Deflection (at Nominal Load)
Average Ground Pressure
Hard Surface
Soft Soil (k¢ =0.5, n=0.5)
Wheel Base
Wheel Tread
Ground Clearance

(Between Axles)
(Between Wheels)

Hang-Up Radius

Angle of Approach
Angle of Departure (Less SNAP 27)
Basic Platform Area - Total
Forward Unit
Aft Unit

984 kg (2170 Ibm)
0.82 m (32.2 in.)
0.88 m (34.8 in. )
0.67 m (26.4 in.)

30.9%

37.1%

32.0%

406 cm (160 in.)
234 cm (92 in.)
101.6 cm (40 in.)
25.4 cm (10 in.)
4.3 cm (1.67 in,)

0.7 psi

0.5 psi

147/158 cm (58/62 in.)
209 cm (82 in.)

45.7 cm (1& in.)

35.5/41.9 cm (14/16.5 in.}

132.1 cm (52 in.)
90° +
90%+
4.61 mZ (49.6 £t°)
3.56 m> (38,3 £t°)
1.05 m? (11.3 ftz)

Figufe 4.2.6 Baseline LSSM General Characteristics
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f
5.0 BASELINE LSSM MOBILITY PERFORMANCE ANALYSIS :
5.1 INTRODUCTION )
This part of the report on mobility analysis of the baseline LSSM covers the
~iollowing aspects of vehicle perfcrmance:
o Mobility over soft ground
o Obstacle capability ;
6 Maneuverability :
o Dynamic ride behavior over rough terrain ‘
Each subject is discussed separately under individual sections, and the results ‘s
summarized. ' :
The evaluation of mobility in soft soils was largely based on rnathematical
/
models of soil-vehicle relationships develcped by . G. Bekker and extended
by the Land Locomotion Laboratory of the Army Tank Automotive Center. (;
Obstacle capability was determined by means of scale-model tests. The :
analysis of maneuverability was by means of equations standard in automotive f
engineering, modified to the '"'non-standard' LSSM baseline design. Dynamic ,
performance over rough terrain was evaluated by means of an extensive analog {:
: }
computer pregram. ‘¢
%
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5.2 SOFT GROUND MOBILITY
5.2.1 General

The soft ground mobility performance analysis included:

o Tractive perforinance

o Motion resistance . P r
o Drawbar-pull capability or gradeability : b 3
o Drive power and torque requirements S
o Locomotion energy requirements P
oo d
The evaluation of locomotion performance in soft soils was based on analytical : ), l

2

ke i 1

and experimental methods developed by M. G. Bekker for the purpose of
evaluating terrain-vehicle systems in off-the-road locomotion. In this approach,

mathematical models of the soil-vehicle relationship were formulated to eipress

R T
i

vehicle performance characteristics, i.e., thrust, motion resistance, grade-

ability, etc. Laboratory scale model experiments were also utilized in this

approach to solve mobility problems which were not readily amenable to

analyti'cal treatment. Most of the mobility computations were performed with

A

the aid of the 7040 digital computer, making it possible to perform extensive

parametric analyses.

5.2.2 Vehicle Characteristics

All calculations following were performed for the baseline LS5M as described

in the previous section of the report. Gross vehicle nass was taken as 2170 lbm

b . P i ien

(984 kg) with the following axle load distribution on level ground:

o Front - 30.9%
o Center - 37.1%
o Rear - 32.0% 3

e e e PP TN et s R e 1 oy o P oA e

oy

The assumption was made that the two wheels on one axle would be equally

s $ Lt
s

loaded. Other vehicle characteristics pertinent to these calculations were:

Rt

oo A . . . . N P A
B - . e R T C L e th R A B o :
B b s e e bl e b B L s T it i LN LA 2 Wbt e 1 Pnhennt 1t g 4 o s o I 105 ¢ S bl s S At 7 e G et A

o Wheel dimensions - 40 in. O.D. x 10 in. wide §
RS
o Wheel deflection rate - 36 1b/in, {E'
o Coefficient of rolling resistance - 0.04 _§€ ‘
D2-83012-1 | ) ;
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Che latter value is the resistance due to wheel flexure and was determined
'y means of tests on the GM DRL rolling road. The actual values measured

m a 60 inch wire frame wheel, over a wide range of loadings, varied between

.02 to 0. 04.

1.2.3 Surface Characteristics

n order to evaluate mobility performance, in addition to knowing the pertinent
rehicle parameters such as mass, load distribution, size and form of the con-
act area and power characteristics, it is necessary to quantitatively describe

he terrain characteristics that affect performance. In this study, calculations
vere based mainly on the terrain characteristics of the Engineering Lunar

viodel Surface (ELMS), given in Anaex A of the statement-of-work. Combinations
f soil values specified were: [k. 0.5, n=0.5 0= 3z°] ,[k¢ =1.0, n = 0.75,

9
f = 3z°] , [k¢= 3.0, n=1.0, ¢ = 3z°] and [k¢=6.0, n=1.25, 0= 32°] ,

vhere ¢ = soil angle of friction,and k¢ and n are vertical deformation parameters
)y means of which vehicle sinkage can be calculated. Another soil given for

:onsideration (Annex G of statement-cf-work) had the characteristics of a very
veak soil [kﬂ =0.05, n=1.0, ¢ = 200] . In all cases, the soils were considered
o be non-cchesive {c = 0, kc = 0). In additicn to the given chasracteristics, it
vas necessary to make the following assumptions to complete the necessary
:alculations:

o Soil specific weight, § = 0.01 Ib/cu. in,

o S.4 deformation modulus, K =0.5

o Coefficient of friction between wheel and

hard surface,}(_ =0,8

(he assumptions were necessary for the following reasons:
o Motion resistance due to bulldozing is dependent on the soil
specific weight, The value chosen, E’z 0.0l ib/eu. in., corresponds

to the specific weight of loose, dry sand, adjusted to ''lunar weight''.

o The value, K, is required to definc the form of the soil thrust - slip
curve, Tests conducted by GM DRL indicate that a value of K = 0,5
is reasonable for dry lcose sand. D2-83012-1

Page 53

Jt—mf-:gyw st s ¢ o AT T B R T, ,M,gf}"fu—v—-\__ e RS TR “ige

R
e

e A i e TR S LT ik it i i e P et AR i e 9

ISR

i

PO

e e

DRSS

JONSENANPAI S PSP SR

P

artemrmt T

e

R ——

=Yg o oy

oo

R PR ETRK [FIFRRCSIIEY PRSI P 10

wdin e €%

A e e i s

[

SRRV Y S P

RPN RPNV

Levin

[V C PSSPV U G R Y




o In order to evaluate performance over a hard, non-deformable
surface, the coefficient of [riction between wheel and surface
must be known. A value of,l{: 0.8 was selected to permit the

vehicle to negotiate the 35 degree slopes specified in the ELMS.

5.2.4 Bascline LSSM Mobility Calculations

Two of the most important measures of vehicle rnobility performance are its

drawbar pull capability, which determines its ability to climb slopes, accclerate,

tow loads, etc., and the energy consumption required for loccmotion.

Drawbar pull is defined as the excess thrust a vehicle is capable of developing

over and above that required to overcome motion resistance. The thrust (or
gross tractive effort) a vehicle can develop depends on the shearing character-

istics of the soil.

It has been suggested that the shear stress-strain relationships of soils can be

expressed generaily by: J-—Z— JZ_
e + axp{-K_ + - j - -K_ - - 1)K j -
ZJ c___Eytan 4 xp KZ KZ 1) KIJ exp ( 2 KZ ) 4 (5.1)

where
'C = soil shearing strength (lb/in.z)
I‘Il, K2 = so0il deformation parameters (in_l. dimensionless)
= horizontal soil deformation (in.)

J
Y = maximum value of quantity in brackets (dimensionless)

= soil cohesion (1b/in. 2)

c
@ = soil angle of friction (degrees)
P

ground contact pressure (lb/in.z)

Since for most soils, particularly dry granular soils, the stress-strain curve
does not exhibit a peak and then a decay (as per Equation 5.1), other investigators

have suggested a simpler equation:

T=(c+ptang) (1 - =7/

) (5.2)

where K is a2 soil deformation modulus (in.) that can readily be determined

from conventional shear vane tests. As was stated previously K = 0.5 provides

D2-83012-1
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a close fit between analytical and experimantal results. This is illustrated
in Figure 5.2.1. Foc¢ comparison purposes, curves derived from Equation(5. 1)

using values of K1 and KZ suggested in Annex A are also included.

The tractive effort (or thrust) developed at the wheel-surface interface can be

found by integrating the shear stress along the ground contact area.

Assuming a uniform ground pressure over the contact area, integrating

Equation (5.2) yields:

H=}|cA+W tan 1+ K (exp(-sl)ul) : (5. 3)
n ————— S—
sl K
where

s = wheel slip (%)

A = length of ground contact area (in.)
H
A

tractive effort or thrust (1b.)

: L2
ground contact area (in. )

Wn = wheel load normal to the surface (1b.)

and other terms are as defined previously.

Thus the thrust developed by each wheel can be found as a function of slip if
the soil parameters @ and K, and the ground contact length and wheel load

norm:al to the surface are known ( ¢ = 0 in all cases).

A thrust-slip curve for the complete vehicle can be developed by taking the H-s

curves for each individual wheel and adding the values of H at each value of

L

slip.

Thrust versus slip curves for the baselinc LSSM are shown in Figure 5.2.2 g_

%

covering all soil conditions considered in this study. Note that these curves

are for level surfaces and thrust is expressed as a percent of vechicle weight.

B e it -~v‘—f—4~ﬁ~;g‘-,\-v~7-f4-_\,~,...,\<< -
R L MR EREN v
e e I et A

To determine drawbar pull capacity, the resistances encountered by the vehicle

must also be known. Total motion resistance is composed of the following

PR, S

factors:

-

A
i
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WHEEL THRUST - H (Ib)

WHEEL

140

+ FLEXIBLE WHEEL; D = 30", B = 7.5"
SOIL: LOOSE SAND; kg = 4.5, k=0, n=1], ¢ =0,
$=30° K =G5

120t-

8

o
o

O
L=

40

20

i

(]
-
o“"

K=05

- oy
""‘—--;—

K= 0.2, Ko= 1.25

P .
A_.\S.A—--—-‘A"' A

|

— cwurs swvar smen wf

— W, =240 Ib

ol

——

W, =135 Ib

40

SLP (72)

60 ga

Figure 5.2.1 -~ Wheel Thrust in Soft Soil
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o Rolling Resistance Due to Wheel Flexure

This is a loss that takes place entirely within the wheel and can
be expressed by

Rr =f Wn {5. 4)
where f = a coefficient determined by experimentation and Wn is the wheel

load normal to the surface. As wasg stated above, a value of f = 0,04

has been established for this study.

o Motion Resistance Due to Scil Deformation

This ig composed of two factors; resistance due to soil compaction and
resistance due to soil bulldozing. The latter can be determined from
the following equation:

R, = 1/2{bz" tan’(45° + 9/2) + 2 cbz tan (45° + 9/2) (5.5;

where R, = bulldozing resistance (1b.)

e eet ot i T S KBTS e o P e e b
T - " g R d :
3

b
3
Y = specific soil weight {I1b/in, )
b = width of ground contact area (in,)
2z = wheel sinkage (in.)

For the postulated soil models, ¢ = o andghas been acsumed to be equal to 0.01,

The equation to be used to czlculate compaction resistance depends on whether

the whel is considered to be flexible or rigid.

For a rigid wheel,

(2n +2)

3 \en Ta

Rc = i wn (2n +1)
(2n + 2)/{(2n +1} 1/(2n +1) V"D“
(3-n) (n+1)(k_+ bkg) (5. 6)
where Rc = compaction reeistance (lb.)

n = exponent of scil sinkage (dimensionless)
kC = cohesive modulus of soil deformation (Ib/in. * 1)
k, = frictional modul.s of soil deformation (1b/in. n* 2)
D = wheel diameter (in.)
Wn = wheei load mormal to grournd aurface (1b,) D2-83012<1
b = width of ground contact area (in.)
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For a flexible wheel :
w n+1l
~ R = 1 n n (5. 7) ;
¢ a1 (i + k) I7n ' ¥
v j
where ,é = length of ground contact area in inches and the other terms {3
b
are as described previously. For the postulated scils, k = a, /
c .
;
To determine whether the flexible or rigid wheel equation should be used, o
P
it is necessary to determine the critical ground pressure above which a -
ilexible wheel behaves like a rigid wheel. This critical pressure can be }
found from: : 5
W (n+1) -
Poerit ~ ~ : (5.8) i ;
3w 1/(2n+ 1) 3w 2/(2n+1) ;
bl —2 D- n !
3-n) bk, 4/D - ] b3
(3-n) ¢\l_ (3 n)bkadD ‘i
where Porit = critical ground pressure and all other terms are as previously }
described. If this value of P it is greater than the ground contact pressure :E f
calculated for the case of a flexible wheel, then the wheel can be treated as a * 3
b
high deilection flexible wheel; if lower, the wheel must be considered as a rigid b
‘_
wheel. P
{ ]
o Motion Resistance Due to Slopes ;1
This is the downhill component of the vehic'e weight and is calculated by 1
R =W sin 6 (5.9) 1
g |
where Rg = grade resistance (lb.) < i
W = vehicle weight {Ib.) i
L
8 = angle of the slope from the horizontal (degrees) . :L !
If the vehicle is going downhill, Rg has a negative value, i
i1
The total motion resistance then can be expressed by: | 4
{ 7‘
R =R +R_+R +R {5.10) '%
t by b c g ¢
[
Curves of motion resistance on level surfaces are given 2s a functicn of wheel %
load in Figure 5.2.3 for the ELMS and Annex G soils. The range of interest for .
— LS5M lies between wheel loads of 55-65 1bf. As an added matter of interest, ; )
: 1
D2-83012-1 oz
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Figure 5.2.4 illustrates the correlation between results derived analytically
by means of tne above equations, and from tests conducted in dry sand. Also
zlearly illustrated is the superiority of flexible wheels over rigid wheels from

the point-of-view of motion resistance.

Drawbar pull as a function of wheel slip can now be calculated from the
relationship:

DP= H ~-R (5.11)

Figure 5.2.5 shows the drawbar capability of the baseline LSSM plotted in
terms of drawbar pull - to - weight ratio versus wheel slip, for three soil
models., Again, the calculations are for level surfaces. The results indi-
cate that the LSSM would be able to negotiate slopes as follows:

(1) For soilk, = 0,05, n=1.0, § = 20° - Slope = 7.5°.

(2) For soilk, = 0.5, n= 0,05,0 = 32° - Slope = 27°

(3) For soilk, = 3.0, n= 1.0, # = 32° - Slope = 29°

@
9
¢

The large difference in capability in Case (1) as compared to the others is
mainly due to the difference in soil friction angle, @, which resulis in a large
difference in available tractive effort or thrust. The slope climbing capability
for the LSSM on a hard, non-deformable surface would depend on the coefficient
of friciion between wheels and surface. For example, assuming sufficient
torque were available, the coefficient of friction required for climbing a hard

surface 35° slope would be at least A( =0.7.

To estimate stcady - atate locomotion energy requirements over smooth terrain,

it is necessary only to know the values of the above elements of motion resist-
ance, the efficiency of the vehicle drive system, and the wheel slip relative to
the ground contact surface. The equation for this case is

Eg - 0.00123 R, (5.12)

_—"2 (1 - 8)

D2-83012~1
Fage 5-11

B ot T [ VS e S S

f

T

[P R S P e

EUP N

‘
)
P

§
¢

b 3 3 T, 5 amne o T e I R o ST AR S Gy e 7O, " T

s A oL e e e ki T e 4 L 2T T L e o e T g

B

}
+

s

Y SN SR

Linma e L B e B

it

A NS A bk i i,

[ PRI RIS TP TRV T S P IO,

¥, . b

e A

B v i LBt 4 A kBB A i A w1 Erad

b



g st e i it St T : e LI e
‘.
(rejuswtzodxy pue JedonI8I09Y]) DR SR
puec Ut 8199Yp 91qIxO1J pue pidry jo uoslxedwon - H*2 °G andry m n 9
- 3
, QYO TTIHM 2 o S g
SNOLM3N  0G21 000! 008 009 63y 052 I o 2 o
T T T T T Y [ ’
[ Ty oY

491 ¢ 02 002 0s! o %1 0

0-—0

Al

o L e i e D

o, 2 g7 ety v pever SR rA A s el

ey A AT bl T W

i ° 40y
menaL \ o : o
15d Ied x

2

e sy
i gy

.
Fa

JONVISISIY ROLIOW

(Gio1w
1Sd 0l=d -40¢

A

L R

40N

ESmetanha tint e Sodie aces . Uncibin:

E

!

TeIUdUWIISAX ] osce 3

- | | —407 Jdos w
[eo132I08Y ] R

- A 4002 .
00+ U1 gy Prrcivs 35007 S

NI§'L =95 CEo0 UL 3 1

Lo -0§ ‘ ‘»
/1N ] :



diig s op®y SIOM-TMg IBQMEIQ WEST - §°2°§ 2andiy

%-dIs
0l 09 0 oy 113 02 01

! | 1 | ! i |

(SIIVAUNS TIATN

&m&:.,_.n 9:
e s e u's e Paz
02 S0 u'Q ?_ ~ :STAOW 1108

(31140S TV3IdAY
(9 ¥85) WET0LIZ = SSYW IT2UHIA

MIdQ —O011vY 1HI1Z4 - TINd YVEMYH]

D2-83012-1
Page 5-13




where E_ = steady-state energy (kw-hr/km)

S
R ¢ ° total steady-state motion resistance (lb.)
= R_+R_+R_+R (5.12)
_ r b c 8
'z = drive system efficiency (dimensionless)
s = slip (dimensionless) j
The value ofz depends on the specific design of the drive system and in the
case of the LSSM will vary with wheel speel. i
l;
To determine the value of slip, it is necessary to know the gshearing char- L
acteristics of the soil. For steady-state operation, the thrust H developed by i
the vehicle must equal the total motion resistance Rt developed by all wheels. [
Therefore, knowing Rt' the average wheel slip can be found from the vehicle C
thrust-slip curve. 2 4
bl
-
3
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i

s, all factors affecting the steady-state energy can ecasily be determined
«ce the terrain and vehicle characteristics are specified, GM DRL has
-epared a 7040 digital computer program which permits rapid calculation

— the necessary resistance and slip factors. The following vehicle parameters

o T
T e

‘e inputs to the program:

o Nominal wheel load, as determined for level surface - W (i = 1, 2,..., 6) (1bf)
i

o Wheel diameter - Di {in} :

o  Wheel width - Bi (in)

ey

o Wheel spring {deflection rate) - (}); (Ib/in)

o Coefficient of wheel rolling resistance - fi (dimensionless)

he operational mass of the LSSM is presently estimated at 2170 lbm dis- : 1
buted as per 5.2.2. The pair of wheels on each axle are assumed to be o
juzlly loaded. All wheels are 40 incher in diameter with a maximum section |
idth of 10 inches. The wheel spring rate is estimated at 36, lb/in and as

sinted out previously, the coefficient "f'" is taken equal to 0, 04,

e P e e ST

-~

he values and distribution for the soil parameters 8, kﬁ' and n, and slopes

, used to calculate enerzy in this study, are given by the ELMS Maria and

et S

plands models, In all cases, c and kc are zero. The form of the thrust-

oy

ip curve for ELMS soils was assumed to be represented by Equation 5. 2.

he steps carried out to calculate locomotion energy requirements for each

ymbination of soil type and slope are as follows:

A A 1 < i it

(1) Calculate wheel normezl loading for each wheel

W = W.cos © (5.13)
ni 1

The eifect of weight shift due to slopes or suspension deflection

e T . 1.7 i g = 7 g TN

is neglected., Calculations have shown that these have negligible

effect on vehicle energy requirements,
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(2)

(3)

(4)

Calculate average ground pressure under each wheel.
(a) Calculate wheel deflection: Ai = Wn /U N (5. 14)
i

(b) Calculate ground contact length for each wheel on

non-deformable surface:

gi = szi(Di-Ai) (5. 15)

{c) Calculate ground contact width for each wheel on non-

deformable surface:
] - -
bi = Z‘fbi (Bi Ai) {5.16)

{d) Calculate gréund contact area for each wheel on non-
deformable surface. Experimental data shows that the

area is nearly-elliptical in shape and can be approxi-

mated by
A= 2 v d (5.17)
i - i7i
4
(e) Calculate average ground pressure on hard surfacs
' = W Al 5.18
P ni/ : o )

it is greater than
pi as calculated above, the wheel can be considercd flexible;

Calculate P rit from Equation (5.8), If P,

if p

crit Z p{ then rigid wheel equations must be used. In
the case of LSSM, the wheels can be considered fiexible,

LB T i 4 e

My

Calculate wheel sinkage % for each soil-slope combination.

(a) In the first approximation, calculate sinkage using

average grour ! presegure calculated in Step 2e above:

(e ™ (5. 19)
Y |~ ¢J
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(b) Correct ground contact iength for specified soil con-

dition: ( see sketch below)

DIRECTION OF

- TRAVEL
ADDITIONAL f" SINKAGE B
CONTACT LENGTH e/’ ' i'
D : - .
UE TO SINKAGE ~_* — HARD SURFACE CONTACT LENGTH P
(E 4
The corrected length is given by: g *
] 1 é- J
£;= 272+ 48,42) (D, = A - Az) (5. 20) .
Lo
| {1
(c) Correct ground contact width for specified soil condition. ; e
i e
In a manner similar to above, this can be determined to ¢
be: ;
f . - (5. 21) v
b = 2¢{&.+z )(B -A. -2z) t
i i i i i i :
(3d) Recalculate ground contact area: P
C
n ;
A, T me— (SC 22) B A
i 4 libi : 3
(e) Recalculate average ground pressure: t
N s
p.= W_ /A, (5. 23) '
1 n, 1 !
t L
‘; 3
(f) Recalculate sinkage ‘ ]
- 1/n i
%= [Pi/kg] (5.24) -
P
D2-83012-1 v
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e e

(5)

(6)

(7)

(8)

(9)

(10)

SRR SRIH S ;.\“.g._' L ame

Ao . PR Lo e Fo T T e e
et T T s R :,,»;;.g.‘;,',a,_“-; PP ANCINGCREL RS L R AT LY

(g) Iterate above coxrections until two consecutive caiculations

of sinkage are within 3% of each other.

Calculate the rolling resistance Rr for each wheel and sum up

for all wheelsg,

ZR_ = 2w (5. 25)
i i

Calculate bulldozing resistance Rb for each wheel using Equation

( 5:5) and sum up for all wheels.

Calculate compaction resistance Rc for each wheel and sum
up for all wheels. Use Equation (5:7) if wheel is flexible;
Equation ( 5.6 ) if rigid.

Calculate grade resistance Rg for total vehicle,
Rg = Wsin9 where W = weight of vehicle (5. 26)

Add totals of R, Rb, and Rc to Rg to determine total vehicle
T

steady stiate motion reesistance,

R =R +R +R + R (5.27)
t r b c—- g

Calculate thrust H a8 a function of slip.

(a) Using Equation (5. 3) determine H as a function of slip
for zach wheel. GM DRL assumes X = 0,5 for all '
ELMS surfaces, including the 35° hard surface. The
value of tan ¢, or g‘é for this 35° surface is assumed to
be 0.8. The ground contact length, Z » has previously
been de*ermined for each soil and slope combination in

Step 4.b above,

D2-82012-1
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{b) The H versus Slip curve for the complete vehicle is then
obtained by adding the separate H values for each wheel
at each value of slip. This results in a thrust versus

"average'' slip relationahip.

11) Determine '‘average'' wheel slip. For steady-state operation,
the thrust H must equal the total external motion resistance,
Rt' Thereiore, knowing Rt for the vehicle from Step 9, the
value of slip can be read directly from the Thrust-Slip curve

derived in Step 10.b above. This is only for those cases where

Rt is a positive number, in which case drive power must be
applied. In cases where the vehicle is going downhill, it is
ible for R_toh ti lue; that is, R »R +R +R .
possible for R to have a negative value; that is, 57 c Rb R
In these cases brakes are applied to prevent acceleration and

no drive energy is expended,

{12) Calculate required wheel torque as follows:

{a) For any surface condition, take total vehicle motion

pns A g

resistance, Rt’ and divide by the numnber of wheels

-

to obtain average R.t per wheel,

et

Nt

(b) Multiply this average Rt by the effective wheel radius

o
s

where the effective radius is equal to (D/2 -4 ). This

is the required value of wheel torque,

(13) Determine average wheel speed. This depends on the torque-

it e LB e o dets

speed characteristics of the drive system. The present LSSM

drive system output torque-speed and power/speed characteristics

are shown in Figure 5, 2. 6.

These have been derived from the following minimum requirements:
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(14)

o A maximum vehicle velocity of 16 km/hr (10 mph)
over hard level surface (this represents a wheel speed
of about 92 rpm). |

o An 8 km/hr (5 mph) velocity over compacted sdil with
cha;‘acteristics k¢ =6,0 andn = 1,25,

o Maximum continuous duty requirements (69 ft-1b of torque)
correspond to climbing a 35 degree hard surface slope
at a wheel speed of about 5 rpm, -

o Maxirmum intermittent duty torque of 120 ft-1b at 2 rpm

to climb a vertical step obstacle 40 inches high,

Where Rt is positive, the wheel speed is found from the torque-
speed curve for the corresponding torque value calculated in

Step 12.b.

Determine vehicle speed. For the cases where Rt has a positive

value, this can be determined by:
Speed = (Average Wheel Specd) (Effective Wheel Radius) (1-Slip)

The value of slip is that found in Step lliand the wheel speed is
that found from Step 13, The effective wheel radius is calculated
By finding the average of all wheel deflections and subtracting
this value from the undeflected wheel radius. The value of A

is that used in Step 12.b.

To determine vehicle speed for the cases where Rt has a
negative value, that is, coming down high angle slopes, the

following procedure is used:

D2-83012-1




(15)

(16)

(17)

L P

(a) Assume that the vehicle is maintained at a constant

speed; that is, braking is applied to prevent acceleration.

i s SR

F R 3T R TR T YT TR

(b) Assume that the spced of the vehicle coming down the
35o slope (non-deformable surface) is the same as the
speed going up the slope. The braking power for this &

case is then (-Rt) times (vehicle speed).

— - e ——. &

{c) Assume that this value of braking power is available

Tohgue e

for all other slope-soil combinations. Then the vehicle

speed for each condition can be found by dividing the

y— e

braking power by the corresponding value of -Rt.

Determine distance vehicle travels for each slope-soil com-

s ad

bination. If a total traverse of one kilometer is assumed, then

v B Y L kS eal Ve e s

the distance travelied for each condition is simply equal to the

S e et Tn

skt 3

percent occurrence whibh is specified in the ELMS models.

[ SR Y ¥

Calculate travel time for each slope-soil combination. This is

mpr—t - e g————_ T
haks,

equal to the diztance (Step 15) divided by the vebicle velocity

over each surface condition.

P N ST A

R

e ot g

[

Calculate net steady-state locomotion energy for each slope-

soil combination. This is equal to:

[T RRPRESNEY

s e
" e e

ES = (0, O()123)Rt {Distance) (5, 28) 31
(1-8) i
where ES = net energy over given surface (lcw ~hr)

Distance = distance travelled per kilometer over given b
surface condition (Km)

6 = slip (0 - 1.0) 8

Rt = total motion resistance (1b)
D2-83012-1

+

.

<

Page 5-22 T
R

LRl Al e AR L

5 U WAL e i v o b e e i




o

e e ey
EESR VXN SAVOLI P FA R LI PRRE SN SUCAP

iy

{(only the cases where Rt is positive are considered; that is,

where drive power must be supplied for locomotion, )

(18) Energy dissipated by the suspension dampers must also be
considered because this must be provided by the drive system.
An analog computer program for LSSM operating over an
undulating terrain gimilar to that shown in Ranger 7 photo-
graphs established damping power as a function of vehicle

speed. This is discussed in Section 5,5 of this report.

Energy for damping that must be supplied can be determined
for each travel segment (slope-soil combination) by multiplying
travel time (Step 16) for the scgment by the damping power

required at the calculated vehicle velocity (Step 14),

As in the case for so-called steady-state energy, damping

energy is considered only for those cases where drive power

B T e e B S e i o umet g s N s
. . RS AR TR - - UL T
. " Lo L .

must be supplied, That is, if Rt for the vehicle has a negative

N S

value, damping energy (Ed) is neglected because it is not

supplied by the power system. L

2
[T

(19) Add net steady-~-state and damping energies for each soil-slope

combination (E

S + Ed).

B

(20) Determine gross energy due to Rt and damping requirements,

This depends on drive system efficiency which in turn depends

4

on the specific drive system. For LSSM, the overall efficiency
is a combination of electric drive system and wheel drive mechanism
efficienciea. The overall efficiency as a function of whekl speed is

ghown in Figure 5,2.7,

ixd I

Therefore, dividing the results from Step (19) by the efficiency

.

at a corresponding wheel speed gives the gross value of (ER + Ed)‘

o e e g o A R ey e e
N i Riaari i
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(21)

(22)

In addition to the factors .so far discussed, energy is alco
required to accelerate, brake and steer the vehicle, and to
overcome losses due to surface roughness, These laiter losses
are reflected in increased wheel flexing and slippage, and in
impact energy absorbed by the vehicle and ground surface.
Since no simple analytical methods are presently available

to treat these factors in a rational .nanner, it is necessary

to provide an energy reserve, At the present time, GM DRL

iz uginyg a reserve of 35% or the gross value of (ER + Ed) as

calculated in Step (20). ¢

Calculate average velocity capability over ELMS, This is
accomplished by adding the travel time for all travel segments.
The average velocity is the reciprocal of this value since a

total traverse of one kilormeter was agssuined,

Figures 5, 2.8 and 5. 2.9 show the results of the locomotion
energy calculation procedure for the ELMS Maria and Uplands
models. Similar calculations were made for the maximum
estimated LSSM mare of 2300 lbm. Thia conditicn reflects

a maximum scientific equipment payload of 705 lbrn.

The results are summariced in Figure 5.2.10, (Nots that
the average velocities shown do not reflect possible limitations

that might exist due to ride performance over rough surfaces.)
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r 3 LSSM OBSTACLE PERFORMANCE

5.3.1 General

A test proyram was conducted utilizing a 1/2 - scale model of the LSSM
configuration to determine performance over the types of obstacles specified
in Annex G of the statement-of-work. The apecifvied obstacles and their
modes of negotiation are shown in Figures 5.3.1 and 5.3.2. The cases of
greatest interest are Obstacle 2 - Mode 2, which represents the simple case
of crossing a crevice of any depth, and Ohstacle 2 - Mode 5, which is the case

of a vehicle climbing a vertical step obstacle.

The-1/2 scale LSSM +-as essentially the same mobility model used in the MOLAB
program with appi‘opriate dimensional modifications. Figure 5. 3.3 shows the
model negotiating a step obstacle. Tests were conducted early in the program
before subsystem and payload mass characteristics had been clearly defined.
Tests were conducted at equal wheel loading with the vertical center -cf -gravity
of the forward unit 35 inches above the ground line, and that of the aft unit 27

inches above. (All values given are in terms of full-zize cquivalents.) Loads

and v.c.g.'s were simulated by mounting adjustable weights at appropriate
points on the model. Although the model was ecquipped with suspensions, it was
necessary to lock them out because they were too soft for LSSM simulation. In
most cases, bincorporation of a suspension would improve obstacle performance.

The coefficient between the wheels and plywood obstacle course was on the order

of 0.7.

Results of the tents performed under the above conditions are given below:

Obstacle 1 IN, CM Obstacle 2 IN. CM
Mode 1 (height) 26 66 Mode 1 (width) 58 147
Mode 2 (height} 21 53 Mode 2 (width) 56 142
Mode 3 (height) 19 48 Mode 3 (height) 32 81 :
(width) 40 - 120 101 - 304
Mode 4 (height) 72 183 y
Mode 5 (height) 51 130 -
- Mobility Over Annex G Obstacles jf
l (Model Test Results)
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At the present time, axle loadings for baseline LSSM are estimated to be as
follows: Front - 31%, Center - 37%, Rear - 32%. Extensive tests conducted
and reported during the MOLAB study indicated that overloading of the center
axle has negligible effect on step obstacle capability, and might even improve
crevice crossing. The present estim =2s for the vertical centers-of-gravity
are: Front unit - 34.9 inches, Aft unit - 26.4 inches. These are very slightly
lower than the values used in the miodel tests, and the differences would have

no effect on the results.

The effect of coefficient of friciion on step climbing ability is illustrated in
Figure 5.3.4. Note the coefficient of 0.7 permitted the LSSM to develop its
fullest capability. A reduction in coefficient to a value of 0. 6 would reduce the

maximum step from 51 inches to about 45 inches.
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5.4 LSSM MANEUVERABILITY

5.4.1 Introduction

This part of the report describes studies performed on the baseline LSSM
relating to maneuverability. Topics included are: |

o Steering characteristics

o Tracking characteristics

o Braking characteristics

o Roll stability

o Pitch stability

5.4.2 Steering Characteristics

The steering characteristics for LSSM were esiablished so a common center

of rotation resulted for all wheels during a turn. The geometry is illustrated

in the sketch of Figure 5.4.1.

Equations relating the wheel steering angles to the physical dimensions of the
LSSM were derived from the geometry, and turning radius determined for each
of the four steered wheels as a function of wheel angle. The turning radius is
defined as the cutside (wall-to-wall) turning radius,which for this vehicle is that

of the outside aft unit wheel, due to the siightly longer aft wheel base.
The minimum turting radius depends on the position of the inside aft unit wheel
which has a maximum steering angle, limited by chassis and suspension geometry,

of 25 degrees.

The equationfor determining the wall-to-wall turning radius is:

R=L_ +b +1 (5.29)
-2 3
sind,
where
LZ = aft wheel base
- k. = angle of aft unit outside wheel
b = wheal width

—
-
n

distauce frorm cta- ring pivot to wheel centerline
Dz=-83012-1
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Ll = Forward Unit Wheel Base

LZ = Aft Unit Wheel Base

R = Wall-to-Wall Turning Radius

A'l = Forward-to-Center Wheel Off-Tracking
A'Z = Aft-to-Center Wheel Off-Tracking

e = Steering Angle

Figure 5,4.1 - LSSM Steering Geometry Characteristics
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A

The steering angles of the other steered wheels are determined from .

Wheelbase

Distance from Commor Steering
Center to Steering Pivot

sin a(i =

(5. 30)

The results of this analysis are shown in Figures 5.4.2 and 5.4.3. The
minimumn wall -to -wall turning radius is seen to be 18.9 ft (6.1 meters). These
graphs also indicate the angular relationship the steercd wheels must have for

synchronization at any turning radius.

5.4.3 Tracking Characteristics

Due to steering geometry, in turns a certain amou..t of off-tracking occurs
between consecutive wheels (see Figure 5.4.1). The equation for determiring
the off-tracking cf the outside front and rear wheels, relative to the outside

center wheel, is:

1/2

A' = L L 2 - LZ
sin & sin

where A' = off-tracking

L = distance from center wheel to wheel under consideration

oA = steering angle of wheel under consideration

The tracking characteristics of the baseline LSSM are shown in Figure 5.4.4.
The amount of off-tracking for the front and rear wheels is 8 and 9 inches

respectively, or just under a wheel width.

5.4.4. LSSM Braking Characteristics

The braking capability of LSSM is affected by the vehicle velocity and the

coefficient of friction on hard surfaces, or soil shear strength and motion

resistance in soft soils. The minimum stopping distance for a vehicle on
_.evel ground, assuming constant deceleration and neglecting wheel drive

mechanism resistances, is given by:
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e . 2 :
S= m v (5.31)
~ +
, F ¢ 2
where @ = soil angle of friction
m = vehicle mass
F = Wtan@ for soils and .A{W for hard surfaces
R=R +R
t c

b 4 Rr for soils and Rr for hard surfaces

v = vechicle velocity
’
X= inertia mass factor for rotating parts in the wheels. This was

used as 1.04 for LSSM (similar to conventional vehicles),
W = wvehicle "lunar weight"

4‘(= coefficient of friction

The braking distances for the baseline LSSM on hard surfaces wags determined
over a range of coefficients of friction from 0.1 to 1.0. A family of curves
was generated for constant vehiclz velocities of 5, 10, and 15 km/hr. Theee
are shown in Figure 5.4.5. For a cocfficient of friction of 0.6 and a speed of

15 km/hr, the required stopping distance is on the order of 27 {cet.

Braking distances were 2130 determined for the LSSM travelling at a velocity

of 5 km/hr over soft soils with the following characteristics:

o ky=0.083, n=1.0, ¢ = 20°
° ky= 0.5, n=0.5 ¢ =32°
o ky=3.0,n=1.0, g = 32°

These calculations were made for a range of slopee and the results are plotted

in Figure 5.4.6. The results illustrate that stopping distances are greatest for

soils where low shearing forces are developed (function of #), even though the

soil may be very soft as compared to the others.

Figure 5.4.7 shows an attempt to correlate braking properties of soft soils to
the coefficient of friction on non-deformable surfaces. The technique used

sas based on the following relationship:

—
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w + + + =
tan @ Rc Rb Rr ‘.{(W + Rr ({from Eq. 5.31)

On this basis, each soil can be said to have an "equivalent' coefticient of

friction as shown,

5.4.5 Vehicle Stability

Static Stability: The static stability characteristice of the LSSM were deter-

mined as a functior of slope angle and azimuth orientation. The results were
plotted in polar-coordinatcs and are presented in Figure 5.4.8. This polar
plot illustrates the static stability characteristics regardless of the direction
of vehicle travel, Zero degrees azimuth corresponds to the vehicle travelling
straight up the slope; 180 degrees iz coming down. From the results shown,
fhe following can be seen.
o For coefficianta of friction less than 1.0, the LSSM will always
slide rather than overturn.
o Up to an angle of approach ta the slope {azimuth) of 32 degrees, the
LSSM will tend to overturn in pitch rather than in roil.
o The minimum slope angle at whichk the vehicle will roll over is 52°.

o The minimum slope angle at which the vehicle will overturn in pitch

is 62°.

Rojl Stability in Turns: In the lunar environment, the lateral stability of a

vehicle is seriously effected when mancuvering, because the overturning forces
duae to lateral accelerations at the center of gravity are the same aa on earth,
while the restoring forces dependent upon vehicle weight are reduced to a 1/6-th
factor. This problem becomes even more severe when turns are negotiated on
straight cortiruous side slopes. Therefore, the problem of LSSM lateral (or
roll) stability was investigated for side slope operation. Equatione of equilibrium
were set-up for the case of the vehicle overturning about the ground contact
points of the wheels, and the lirﬁiting velocity determined as a function of vehicle

turning radius and slope. The equation for this case is:
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vz[g R'(_E_Vcose +éin9)]1/2 (5.32)
h

where v = limiting velocity
g = lunar gravity
R' = vehicle turning radius measured at the c.g.
t = lateral distance from wheel contact to c.g.
h
8

1]

height of c.g. above ground

slope angle

Overturning will occur only if the friction of coefficient at the wheels is large
enough to prevent sliding. Sliding takes place if the lateral acceleration forces
developed during a turn are greater than the friction forces. The equation of

equilibrium for sliding is as follows:

..r:[g R'(/( cose+sin0)] 1/2 (5.33)

where ,4( is the coefficient of friction and the other terms are as in Equation

(5.32).

The results obtained are summarized in Figures 5.4.9 and 5.4.10. Figure

5.4.9 shows that even for a coefficient of 1.0, sliding always occurs before
the vehicle can become unstable. Calculations show that the coefficient of
friction would have to be on the order of 1.3 before instability can take place.

{These results assume a smooth surface, and do not take the presence of

obstacleg into account). Figure 5.4.10 shows the turning radius at which sliding :

o

takes place as a function of friction coefficient and slope angle. Calculations

were for the case of a vehicle travelling at a velocity of 5 km/hr and turning

¢

R T
" LA da

up - slope. For the duwn - slope case, results would be much more conservative.

Pitch Stability: With respect to pitch stability, overturning mcments are pro-

;

e e £y —p— 8, T
" PR

‘tced by tractive or braking forces reaulting from accelerating or decelerating

N—

ragert
-

the vehicle. The worst cases are for operation on slopes, in which case the
limiting acceleraticons can be expreased by:
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a=g [_:c__ cos & - sin_a-l - (5. 34)
b ]

whers x = the longitudinal distance from the front axle of the vehicle to

the center-oi~gravity. This equation applies equally for accelerating up

or Jecelerating (braking) down the slope. Figure 5.4.11 illustrates that, as

in the case fr> roll ctability, the LSSM will alwayse slide rather than overturn

unless the coefficient of friction is significantly greateér than 1.0, It can

also be seen from this grzph that at zero acceleration, the vehicle becomes

unstable orly if the slope angle exceeds 62 degree ".

Limiting accelerations at which sliding takes place can be determined from:

a-= g[x(cos 6 - sin 6] (5. 35)

The resulte of this calculation are given in Figure 5.4.12 as a {unction of

coeifficient of {riction.
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. 5.5 DYNAMIC PERFORMANCE ANALYSIS

5.5.1 Intiroduction

The objective of this study was to determine the steady-state and the transient
responses of a 6 x 6 scmi-flexible frame vehicle t;'aveling with linear, constant
speed over hard ground. Four aspects were of particular interest:
o Optimization of steady-state per.ormance by varying the
d:mping and spring rates of the wheel suspensions.
o Determining the influence of vehicle speed and terrain
roughness on steady-state performance of the optimized vehicle.
¢ Compare the steady-state ride performance of the vehicle with
optimized flexible wheels (with and without suspersions) with
one equipped with rigid wheels.
o Evaluate the transient response and stability of the vehicle when
hitting a 'burr-p’.
To this end, equations of motion of all forces and moments were programmed on
a PACE 231-R analog computer and the outputs evaluated as a function of terrain

and vehicle velocity inputs.

5.5.2 The Vehicle

The elements of the vehicle are considered to consist of two rigid compartments
connected by a massless, continuous elastic beam, and a pitch limiter. The for-
ward unit is support by four wheels (two axles) and the aft unit by two wheels (one
axle). Figure 5.5.1 is a line diagram illustrating the possitle motious of the
vehicle elements. It contains six wheel masses and two compartment masses.
To describe the motion of the masses, a daturmn plane and a coordinate system
are defined. & "normal" axis is one proceeding along a linc normal te the datum
plane; a "forward" or '"'roll" axis is identical with a linear movement of tke
vehicle parallel to the datum plane, and a ''side’ or "pitch'' axis is orthogonal to
the vertical and forward axes. The rectangular system of normal, forward, and
side axes arc connected to the moving vehicle. Because the vehicle moves
linearly with constant speed, one can visualize the vehicle and the coordinate
system as standing still and the yround moving with sonstant speed underneath

the vehicle.
D2-83012-1
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The movements of the masses are as follows: The six wheel masses move
~-Tward with constant speed and are allowed to accelerate only vertically. The
two compartment masses can acceleratc vertically, and also pitch and roll.

Therefore, there are a total of 12 degrees of freedom for the vehicle.

Three wheel - suspension combinations were investigated:

1. Flexible Wheel with Suspension

This model consists of:

o vA spring symbolizing the elastic propertie: of the wheel. The
spring is allowed to bottom, at which time a second, very stiff
spring is engaged. The spring can also lose contact with the
ground. The wheels are point follower.

o A wheel mass.

o A suspension consisting of a bottoming spring and a linear

viscous damper.

2. Flexible Wheel without Suspension

With the removal of the suspensions, the "'mathematical model" vehicle
would lack a source of energy dissipation and the dynamics of the undamped
model vehicle would probably not reflect the dynamics of the real vehicle,
where in addition to the suspension damping numexrous other sourcaa of
energy dissipation exist, for instance, at the interiace of whecl and soil,

in the tires, inrthe elaotic frarne, and chassis. To restove the damping
capability of the unsuspended vehicle, an arbitrary damping rate was
assigned to the wheels. A damping rate of 2 lb-sec/in, was chosen for

this study. (For comparison, a pneumatic tire of about half the size of

the LSSM wheel has a damping rate of about 20 ib-sec/in).

3. Rigid Wheel with Suspension

This model is composed of a wheel mass and a suspenszicn system similar

to that for the flexible wheel.

—Aanalog models of the three wheel-suspension combinations are illustrated in

D2-83012-1
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I . ELASTIC (SGFT) WHEEL

@ WITH SUSPENS!ON

. .
T
™ TERRAIN
\x:\i\), ﬁ_[—‘ A
s B
k3 pg;l;s "§ | RIGID WHEEL
, E j h WiTH SUSPENSION
[ -y
m
T ~
TERRAIN
» -
-
i %kl - - ’
- ELASTIC (SOFT) WHEEL
E% ke —fj—“ ¢ WiTHOUT SUSPENS ION
— ; _i's__
P RNELN
TERBAIN .

Figure 5,5, 2- Line Diagrams of Three Wheel Types
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Figure 5.5.2. The wheels are point fcllowers ard zre able to lose contact

with the ground.

5. 5._3 The Terrain

Three types of terrain models were considered necessary to cover roughnesses
ranging from relatively smooth, undulating hills to small, sharp 'bumps'; a
"randem'' terrain, a terrain with small, periodic obstacles, and a terrain with

a single obstacle.

The randomn terrain consists of elevaticn variations which are stable cver re-
latively large distance. They do not contaln obstacles such as large rocks,
abrupt holes, etc. Furthermore, superimposed slowly varying elevations such
as rolling hills were not considered. The roughness of the randorm terrain can
be described quantitatively in terms of its power spectral density (PSD). Figure
5.5.3 presents the power spectral densities of the terrains used in this study.
The ordinate has units of ft3/cyc1e and the abscissa, spatial frequency, has
units of cycle/ft, The area under a PSD-curve represents the mean sguare of
the terrain roughness. The curves exhibit essentially similar characteristic

features.

The curve with an RMS value of 1.0 ft, follows closely the curve describing
lunar terrain as interpreted from Ranger VII photograph P979. For comparison,
curves of an extremely rough terrain (Bonito Lava Flow, Arizona) and of very
smooth terrains (Grass Runway and Concrete Taxiway) are also plotted. An
additional terrain was derived from the 1.0 ft. terrain simply by shifting the

PSD-curve downward until an RMS value of 0.5 {t. was obtained.

In this study the two terrain profiles underneath the left and the right side of the
vehicle are completely uncorrelated although they exhibit the same statistical
properties and follow the same PSD-curve. In reality there could be a correlation
between the terrain tracks depénding on the auto-correlation function of the terrain
and the distance between tte wheels. The extent of track correlation has yet to

be investigated and, therefor=, is not taken into account in this study.
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Figure 5.5, 3~ PSD Curves of Random Terrains
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The wavelength range and spectral levels of interest to the designer of a lunar
vehicle are dependent upon the natural frequency, the velocity, and the size of
the vehicle he is considering. Using a summary of all existing lunar vehicle
designs, a rough estimate yields a natural vehicle frequency of about 1 cps.
Cornsequently, frequencies below 0.3 cps scarcely affect the dynamic perfer-
mance of these vehicles. Lunar vehicles are likely to travel at speeds below
10 mph. Therefore, the minimum spatial frequency of interest is (0. 3)
(3600/10) (5280) = 0.02 cycles/ft. Accordingly, the spatial frequency range
below 0.02 cycles/ft. does not affect lunar vehicle dynamics. This range can

be pictured as gently rolling terrain.

An upper limit of the frequency range of interest is found by considering the
power of terrain wavelengths smaller than the footprint of the wheel. Vehicle
footprint lengths range between 1 ft. and 3 ft., depending on the wheel dia-
meter, the soil condition, and the wheel load. Therefore, spatial frequencies
larger than 0.3 to 1 cycle/ft. will be felt by the wheel only if the associated
amplitudes are large enough to cause multiple contact within the footprint.
Evidently, a terrain of the Mare Cognitum type yields very little power at fre-
quencies higher than 0.3 cycles/ft, Therefore, terrain periurbations having
wavelengths smaller than the footprint length apparently will not indent the

wheel significantly,

Because the random terrains exhibit frequencies of significant power only in the
low frequency range, a second type of terrain with increasingly higher power in
the high-frequency range was added (a frequency analysis of this terrain was not
performed). Thke upper sketch in figure 5.5.4 shows the profile of this terrain.
It consists of triangular obstacles, equally distributed, with a height that 1s
small compared to the wheel diameter (2 in; 1 in; 0.5 in.). In this phase of the
study, the obstacles were assumed to be contacting the tws wheels of one axle
simultaneously. Consequently, only .ch and vertical bounce of the vehicle was

investigated on this terrain,

A third type of terrein consisted of a single bump on a tilted plane. This terrain

permitted the study of transient motions and of the stability of the vehicle when
D2-83012~1
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operating on a slope. Two slope types tilted at 300, 150. and 0° were
investigated. These are illustrated by the bottom two sketches in Figure
5.5.4, The first type représents a side slope with a bump contacting the upper
wheels of the vehicle. The second type represents a front slope with a bump
contacting both wheels of one axle simultaneously, The 'slope' with an in-
clination of 0° is a horizontal plane with an obstacle contacting either one wheel
or two wheels simultanecusly. The form of the bump is sinusoidal; its height

is less than the wheel radius {1 {t., and 2 {t.).

5.5.4 Notations

Following is a list of all notations used in this portion of the study, with =
corresponding figure reference:

Angles (radians)

a angle of forward slope
B angle of side slope (see Fig. 4)
et pitch angle of aft unit
ec pitch angle of forward unit
] roll angle of aft unit (see Fig. 5)
t g
8 roll angle of forward unit
c
Distances (in.)
T, wheel radius
&
Zé (see Fig. 17}
dl"'d4 see Fig. 5 “
YitrYg
f U ..U
1
o 6 (see Fig. 8)
. zl LI ) Z6
hl' . .h6
- - sec Fig., 8 z (see Fig. 5)
h,...h t
1 6
A A z
hl' . .h6 c
2 (;f, (see Fig. 16}
be.
P see Fig. 5
q hp (see Fig. 17)
D2-83012-1

Page Habl

tdic 1 ttosaPow X My gy

S s gy e Y n

T



e

INGSTT JO SuoljEd07] £sepy puw *ssifuy ‘zuorsudwuyy -6 °c °g sandrg

v JWYM4 DSV

\
¢z

~L

D2-83012~]

Page 5-62

T i - . R NP CUNS 3P
. T ERNE

SOl R

W A e T




T RRRL e s A at ar e o s i ame Va3 s m e w o m e S e - B P

- Lunar Weights (1b.)

Wc. Weight of the forward unit

Wt' Weight of the aft unit

W(':, Wc cos cos

W;, Wc sin : ‘ (see Fig. 7)
W;", WC cos sgin

W't Wt cos cos

Wt". Wt sin

Wt"', W't cee  8in /

Wefght of wheel assembly, unsprung (see Fig. 8)

Masses (lb. secz/in)

m,, aft unit {sprung) (see Fig. 5)
mc, forward unit {(sprung)
m...mg, wheel assembly (unsprung) . (see Fig. 8)

Mass Moments of Inertia {(in. 1b. secz)

It. aft unit, around c.g., roll axle
" o N .
lt . aft unit, around c¢.g., pitch axle (see Fig. 5)
Ic' forward unit, around c.g., roll axle
Ic*, forward unit, around c.g., pitch axle

Damping Rates (l1b. sec/in)

CpreeCy suspension (see Fig. 8)

cp. pitch limiter (see Fig. 17)
D2-83012~1
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Spiring Rates  (lb/in}

kl..'kﬁ’.
kl*'“kﬁ*'
kl.a.k6'
T % k%
kl “'kf,
k , k *,
p’ P
510-086.
Vl.. V6,
Vt,

Vc,

P,

H & H",
H'&H_",
Tt'

TC,

Mt'

M,

suspension
suspenegion snubber
wheel

wheel snubber

pitch limiter

Forces {lb)

wheel force between wheel and ground
suspension force between suspension
and compartment

vertical force betweaen aft unit and
elastic frame

vertical force between forward unit
and elastic frame

forward force between pitch limiter
and compartments

side forces at wheels of aft unit

side forces at wheels of forward unit

Moments (in. lb.)

torque between elastic {rame and aft
unit {roll)

torque between clastic frame and
forward unit (roll)

moment between elastic framme and aft
unit (pitch)

moment between elastic frame and
forward unit (pitch)

]

(see Fig. 8)

(see Fig., 17)

(see Fig. 8)

{sce Fig. 10)

(see Fig. 17)

(see Fig. 13)

(see Fig. 9)

(see Fig. 16)
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Miscellaneous

I, surface mormment of elastic frame (:n4)
Q, torsion rate of elastic frame (in. 1b/rad.)
E, Young's modulus (lb/in?')

5.5.5 Equations of Motion: General Remarxs

The derivation of the equations of motion is based on the {ree-hody principle.
First, the vehicle is divided into a suitable number of elements and then forces
are applicd to re-establish equilibrium. ¥inally the eguaticns of equilibrium

are formulated for each element.

For practical reasons the vehicle has been divided into 10 elements (see
Figure 5.5.6) as follows: 6 wheel assemblies, | forward unit, | elastic frame,

l pitch damper, 1 aft unit,

All equations are based on the assumption of small argles, that is sin x = tan

®x = x and cos x = 1, To derive the cquations of motion the vehicle is cousidered
to be traveling over a hard suriace sloped both iu the forward and side directions.
The tilted plane is the datum plane. Consequently, the weight forces of the
masses have to be resolved into three components orthogonal to the datum plane

(see Figure 5.5.7) as follows:
W'!'=W coaucosf:
\ [N}
wll

W gin o

W cosd sinﬁ

5.5.6 Egquations of Motion for the Wheel Assernbly

Figure 5.5.8 shows a schematic diagram of a wheel agsembly. A&l peinte move
in a direction normal to the datum plane. The following notations {or the time

dependent ordinates are Jdefined as follows:

D2-83012-1

Page 565




BRGNS VO

WHE

IR YR TR AT
P S L A Taee

AT R, ey e

FORWARD UNIT O
@

PITCH LIMITER

AFT UNIY

L

Figure 5,5, 6~ Ten Free-Bodied Eiements of the Vehicle
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Figure 5.5, 7- Weight Components
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U,eeel

\ 6 distance of the terrain profila underneath the

contact point from datum plane
Yyee Ygr distance of the masses from the datum plane

'z.1 cesZ,, distance of the connection between wheel suspension
0 N
and compartment from datum plane.

All springs and dampers are linear. The wheels are point followers, Forward
thrust, slip, rolling resistances, and motor torque are not considered. Only
mass forces, weight forces and spring and damper forces in the direction

normal to the datum plane are taken into account.

The wheel operates over three ranges of spring rates as shown in Figure 5.5.8:

o Range I: The wheel leaves the ground and the force Si between
wheel and ground is zero.

o Range 1II: Only the outer spring frame of the wheel is deflected.

o Range HI: Outer and inner spring frames of the wheel are

deflected (bottoming)}. - The suspension also operates
over three ranges of spzring rates as shown in
Figure 5.5.8.

o Range I: Only the suspension spring is deflected.
o Ranges II Both suspension spring and snubber are deflected
and UI, (bottoming) in either direction.

The equations of equilibrium for a wheel~-suspensgion assernbly can be expressed

as follows:

S -W'-m. Y -V =0 (1 - 6)
1 1 1 1 1
where
5, = O mm e g YUY€ o
- . e 7 ) mccemccce e e ——— . - 6- - 2
ki (ai /i) if O« u -y, hi (7 -12)
- %* v <h)eodi - T
ki (u, - v.) + k¥(u Y; hi) if u, -y.> hi
V.= k k ) +c, (y. - z,) if -h.< h ‘(13 - 18)
B B ST UL RS PR bt e A S -
‘ - + k¥{y -z - + v - ;': -] -z }
ki lyy =2 +kfly; -z -h) +e by ~zdemrify, ~2>h,

(
~
<

t

A - .
+ k¥ -z -h)+ P =2 )ee=if y. -~z <-h,
zd HEF (y -z, -h) e by, -z )emmify, -2 <oh
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Equations (7) through {18} are valid for cases where the spring force -
deflection characteristics can be expressed by linear functions. If this is

not the case, the equations would bhe as follows:

bi = Fi (ui - Yi) (7 -12)

S = - Y+ v -2 -

/,1 Gi (yi z.1tc, (yi Zi) (I3 - 18)
' i=1-6

where Fi and Gi denote functions of the displacements (u. - y.) and
i i

’_yi - zi), respectively.

5.5.7 Equations of Motion for the Furward Unit

Figure 5.5.9 shows all forces and moments acting on the free-body of the

forward unit. The weight forces are:

Wé. weight component normal to the datum plane
W(’:‘, weight component in torward direction
W'é‘ . weight component in side direction

To understand the method of deriving the proper mass forces a simpie case is
considered. Figure 5.5,10 shows the ~ompartment in a pitching mode. The
rear and the front of the compartment can move only normally to the datum
plane, according to the previous assumptions, Therefore, the mass is accel-

erated in the rormal divection with }:c' in the forward dircction with g€, and

.
2

arourd the axle A with 8. Accordingly, the mass forces are:

mc Q 9c. inertia force in the forward direction

m q &;, inertia force in the side direction

mz ‘z‘c, inertia force in the norrnal direction

Ic ‘Q.c, inertia moment in roll

Ic* 'S’C, inertia momasant in pitch
D2-83012=1
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Figure 5.5, 9- Forces and Moments of the Forward Unit
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From figure 5.5.9, the forces acting from the flcxible frame are:

V , frame force norinal tc datus plane
c

M , pitch moment of frame
c

'I‘c, roll moment of friume

Frame forces in the side and forward directions are not considered in this
study; it i8 assumed that these forces are countcracted within the compartments,
Consequently, the {orces m_q bc and W';’ acting in the side direction have to

be courteracted hy forces at the contact between the wheels and the ground.

How these counter forces are distributed is unknown. To simplify the problem
it has bcen assumed that the side {orces at the wheel contact peints are equally
distributed and, consequently, add up to the resultant force H(;, as indicated in
Figure 5.5,.9. Similar considerations hold for the forward forces W;, and

.

m a3 , These counter forces add up te H", acting at a distance r = wheel
c’' ¢ c it

radius freni the compartment.

Forces stemming from the vhecls are:

V.oV wheel ags~mbly forces in normal direction
3

6'

The pitch limiter cxerts a force P in the forward direction on the torward

unit. (The magnitude of this force will be derived later.)

The equations of equilibrim are then easily derived from Figures 5.5.%, 11
and 12.
Sinze the sum of all ferces in the forward direction equals zero,

mcqi‘iC - P -H =0 (19)

Since the sum of all forces in the normal direction is zero,

V +V +V_ +V +V oW em 2 =0 (20}
3 4 5 6 c c c C
Since the sum of all forces in the gide direction is zero,
H' -m_ q% +W''t =0 (21)
c ¢ c c
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Figure 5.5, 11- Forces and Momerts of a Rolling Forward Unit
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Figure 5, 5.12- Forces and Moments of a Pitching Forward Unit
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Since the sum of all moments in the roll direction is ze50,
d_-d oo

(V4 V), -(V, + V), - 42 3V -T -m_ q 8,
TP 3 - -
+W Mg -1 @ -H' =0 (22)

Since the sum cf all moments in the pitch direction is zero,
+M_+(V_+V)a-(V_+V % 8 Bawr
ch c ( 3 4)3. (‘/5 6)b+14cacﬁ&(mcq‘gc’vc)cl
+P£c+Hé'r=0 (23)

5.5.8 Equations of Motion for the Aft Unit

Equations for the aft unit are derived in the same manner as for the forward
unit (see Figures 5.5.13, 14, 15). The pitch and roll centers are always located

at the axle.

In the forward direction,

mtpb't-w't'-p-ﬂ't'zo (24)

In the normal direction,

‘e

Vi#V, -V, -Wem Z =0 {25)
In the side direction,
Wy - mp 6; ¥ H: -0 (26)
In roll,
v, 4, + vtdzz'd -V, d, - H x -mtpz 6: £ WD+
T, -1 a‘t =0 (27)
In pitch,

«® 2 botd
- + + + + I% + - w" -
(Vl VZ) f Vt (f + )4 Mt ]:t et m p et ¢ P

-P Et+Htr=O (28)

5.5.9 Equations of Motion for the Flexible Frame

The flexible frame connecting the two compartments is considered to be a

massless, continuous beam of u:niforrn cross section loaded at the ends by:
D2-£3012-1
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Figure 5, 5,13~ Forces and Momente of the Aft Unit
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o forces V_and Vt acting in the normal direction

-

o moments Mc and Mf acting in the pitch direction

o torques TC and Tt acting in the roll direction

Forces in the forward and side directions are not considered, as explained

above. The be2am can be deformed by twisting in roll, by bending in pitch, and
by moving the two beam ends in the normal direction. Because the angles aad
deflections are small, the principle of superposition can be employed. Figure
5.5.16 shows how, by superpocsition of two types of beam defleétion, a general
picture of bearn deformation without torsion can be achieved. The equations of

equilibrium for this general case are:

Vv -V =0 (29)
t c
M -M +V L =0 (30)
t c c
where
V =12 m p -12m & +6m @8 +6m € (31)
t —_— %t — e — Tt = g
yx L2 L ¢
M =btm 8 -6m & +4m®86 +2m 8 (32}
t — -~ C t (o]
£ £
and m = EI (32=)
z

The equilibriura of torquesis siraply expressed by (see Fig. 16)

T -T =0 ’ (33)
c t
wher=
T =Q{¢ -9¢) (34)
t c t
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Figure 5,5,16~ Forces and Moments of the Elastic Frame
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5.5.10 Equations of Motion for the Pitch Limiter

The relative pitch between the forward and aft units is limited by a pitch limiter
as shown in F‘igure 5.5.17, It is essentially a linear spring with snubbers at
both ends. The spring is attached at both compartmments and is constantly
engaged. To prevent the continuous storage and release of energy in the spring,
damping is added. From the spring characteristics and the geometry of the
limiter, the following equations can be simply derived:

- + ) -8
k(8. €. -8, €) tc (O € e € it -h <0 € -8 £ <h
P = D cC C t "t P

5 : (35)
- + k* (8 -8 - +c (8 -9 €)..
kp(ec Ec etEt) 1(p(cec tet hp) pp(cec tct)
if -h=>=86 £ -0 £ >h
P ¢ ¢ t t p

5.5.11 Geometrical Relationships

Other equations relating to geometrical relationships can be derived from the

various vehicle dimensions:

§ =2z -2"% 9 +(c+no (36)
t t —— t t
2
6 =z -d4-d3 @ -g8 (37)
c c =5 C c
2
= : 3
z, zt+fet’dl flt (38)
= + -
27 O b (39)
= - + 0
2352 -a GC d, ﬂc (40)
= - - 41
2, =2, aOc d4¢c (41)
z, =2 + + 2
2 =z, tb8 +d, 8 - (42)
= + -
26~ Z¢ b ec d4 Gc (43)
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5,5,12 Human Tolerance to Vibration

The level of human tolerance to vibrations may limit the speed of the vehicle.

Some of the most recent studies on this subjsct have been conducted by Pradko
and others. * Figure 5.5.18 shows the findings insofar as they are relevant
to the problem of defining human tolerance to random vibrations. Pradko
vibrated persons seated (without cushions) on a shake table in the vertical,
pitch, and roll modes by rneans of white-noise vibrations filtered through a

2 cps band-pass filter. The pitch and roll center was located in the contact
arez between seat and subject, and the center frequency was varied between

3 cps and 30 cps.

The frequency range of interest for the LSSM lies between 0.3 cps and 4.5 cps,
as was discussed under the section on Terrain. From Figure 5.5.18 we esti-
mate that in this frequenc'y range the RMS levels of human tolerance to random
vibrations will be:
' o Vertical - 0.25 g (100 in/secz)
o Pitch -6 rad/sec2

o Roll -9 z:ad/aec2

The pitch and roll tolerances cannot be applied immediately to our prohlem
because the pitch and roll axes of the LSSM are not located at the seat. The
actual locations of the pitch and roll axes of the forward unit chang with time,
but very likely they may be found most of the time beneath the center of gravity
in the plane of the wheel axles. To transfer Pradko's data to a rotation center
located at a certain distance from the seat, it was assumed that the hips cf the
seated person exactly follow the motions of the rotating chair, as if this part

of the body were connected rigidly to the seat.

% F, Pradko: Human Tolerance to Random and Sinusoidal Acceleration,
U.S. Army Tank Automctive Gommand,
Research and Engineering Directorate, 1965

¥ F. Pradko and R. A. Lee: Vibration Comfort Criteria,
Society of Automotive Engineers
Paper 6560139, January 1966
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Figure 5, 5,18 - Human Tclerance of Random Vibration
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As the distance from the seat to the Lips is approximately 0.7 ft, the
horizontal acceleration of the hips ascociated with the tolerable pitch accel-
eration of 6 rad/uecZ is (0.7) {6) = 4.2 ft/aecz. It a distance of 2.7 ft. is
assumed vetween the hips of the driver and the pitch and roll center of the LSS5M
(see Figure 5.5.19), the same horizontal acceleration for the case of the
LSSM would be attained at a pitch acceleration of (0.7) (6)/{2.7) = 1.6 rad/s ecz.
In the case of roll, the tolerance level would be 2,3 rad/sccz.
To summarize, the following values can then be taken to represent the tolerance
levels to random vibrations of an LSSM driver.

o Vertical - 100 in/sec2 (RMb)

o Pitch - 1.6 v:a.c:‘\/sec2 {(RMS)

o Roll -2.3 racl/sec2 (RMS)

These numbers represent performance on £arth, and how they might change in
the low gravity field on the moon is unknown. Because the lunar gravitational
acceleration of 65 in/secz is less than the human tolerance to vertical vi-
hrations on earth, it is conceivable that the tolerance level to vertical vibrations
may be decreased considerably on the moon. The other two tolerance values
may be unchanged on the moon because gravitatioral effects are not involved in

essentially horizontzal motions.

5.5.13 Vehicle Performance Evaluation

As was stated prcviously, the main objectives of this dynarnics analysis
program we- ¢ to:

o Optimize the suspension aystem from the point-of-view of
vehicle dynamic performance.

o Determine the influence of apeed and terrain roughness.

o Compare rigid and flexible wheels and evaluate effect of
eliminating the sugpension system.

o Evaluate the transient response and stability of the LSSM
whzn operating over ""bumps',

In order to achieve the above, it was considered necessary to assess the

following elements of vohicle reaponse:
D2-83012~1
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Figure 5,5,19 -~ Transformation of Pitch and Rell Center
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o The percentage of time one wheel or Loth wheels on one axle
lose contact with the ground. {This information can be considered
2 measure of the controllability of the vehicle.)
o The root-mcan-square (rms) values of the vertical accelerations
of the centers of gravity (cg) of both unite.
o The root-mean-square (rms) values of the pitch accelerations
of toth units.,
o The root-mean-aquare (rms) values of the roll cccelerations of
of both units. (These acceleration data permit an estimate of the
ride cornfort.)
o The damping power dissipated by the dampere of the wheel suspensions.
(This is an important part of thé poewsr requirements of the vehicle.)
o The percentage of time the force between a wheel and the ground surpasse:

a certain limit, {This provides structural design information, )

The rms-values of accelerations were computer in a simplificd manner by
assuming that the accelerations were normally distributed even if wheel
bottoming or wheel li{t-offs occur. The asaumption of nornizl distribution
proved to be acceptable in all cases that were checked-out. Thus the rms-values
could be computed by fully rectifying the output signal, smoothing it, and

multiplying it by a constant factor of "I— .
: ¥

5.5.14 Vehicle Data for Computer Prograin

The L3SM vehicle datz used for the dynamic performunce analysis is listed
below. In actuality, computer programs were conducted for vehicle masses of
2400 lbm and 1870 Ibm. However, the 2400 lbm case was investigated early in
the LSSM study, before vehicle characteristics were well-defined. Furthevmeore,
the 1800 lbm vehicie underwent a muachk more throrough analysis. In any event
no significant difference in resulte was discerned between the two cases. IFor
these reascns, the program conducted with the 1300 ibin LSEM is reported here.
Although a design iteration carried out after the completion of the dynamics
study resulted ir a fully.locaded LESSM with an eatimated masa of 2170 lbrm, it is
felt that the results reported herein are reasonably appiicable.
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Dimensions (inches) Lunar Weights (1b)

a, 29.3 WC {sprung), 160
b, 28.7 Wt (sprung), 80
dl-d4, 4),0 Wl-Wé (unsprung), 10
e 25
. . . 2 .
Dimensions (inches) Masses {sec 1b/in.)
f, -1.5 m , 2.48
c
g 38.3 LS 1.24
1, 28 ‘
b, 9.5 ml~m6. 0.155
q 14,7 2
- 20 Mags Moments of Inertia (in 1b sec”)
I (roll) 739
c
I¥ (pitch) 1831
It(roll) 346
I’°‘t (pitch) 174

The mass moments of inertia listed zihove include the sprung masses plus
suspensions, In addition to the above values, the following were also used:
. . . . 4
o Moment of inertia of flexible frame, I = 0,0115 in

o Torsional raze of flexible frame, Q = 16,900 in. 1b. /rad.

The suspension spring characteristics considered are shown in Figure 5. 5. 20,

The spring characteristics of the wire frame wheel are shown in Figure 5.5.21,

5.5.15 Optimization of Suspension Springs

27 computer runs were conducted at varicus spring rates and vehicle speeds
(see Figure 5.5.22) in order to find the rate associated with the 'best' vehicle
ride. The 'best' vehicle ride was concidered td be a ride with low accelerations
of the forward unit (ride comfort) and a small percentage of wheel lift-ofis
Dz-83012~1
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S
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= k =5 Iblin ENGAGED i
a i £
7 10 ib/in *
100 — 15 Ib/in
A
hi\ 10l STATIC LOA
' 2 4 6 8
SNUBBER ! SUSPENS |GN DEFLECTION r|1
ENCAGED A | ;- z,) i
k'; - 400 1blin.

figure 5, 5,20 - Spring Characteristic of Wheel Suspensicn
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Figure 5,5, 21 - Spring Characteristic of Wheel Frame
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(controllability). The spring rates of the forward unit and the aft unit were

— varied independently. The terrain used for all runs was the 1l -ft terrain, which
approximates the Mare Cognitum profile and, therefore, was considered to be
most meaningful for the optimization process. During all runs the level of
suspension damping rate was fixed arbitrarily at 4 1b sec/in which later turned

out to be close to the optimum damping rate.

The results were plotted in a condensed form as averaged, normalized, and
combined vertical, pitch and roll accelerations and wheel lift-offs versus the
spring rate. Figures 5.5.23 and 5.5.24 show the results for the forward and
aft units respectively. The "optimum'’ spring rate appears to be in the vicinity
of 10 lb/in. for both cases. However, due to the relative flatness of the curves,

somewhat stiffer springs would not noticeably degrade performance,

5.5.16 Optimization of Suspensicn Dampers

The optimization of the suspension dampers followed a procedure similar to

that for the springs. Again the 1-ft terrain was used for all runs. The suspension
damping rate of both ferward and the aft units was varied over the range between
0.5 and 10 1b sec/in. Vehicle speeds used were 5.0 and 10,0 {t/sec. During all
runs the suspension spring rate was fixed at 10 1b/in. The results are plotted

in Figures 5.5.25 and 26, Fo> both units, a flat optimum lies between 3 and

5 1b sec/in.

5.5.17 Vehicle Response as a Function of Speed and Terrain

Having optimized the spring and damping rates of the vehicle suspensions, it
was now possible to estimate vehicle dynamic performance cn different terrainge

at various speeds.

Vehicle runs were simulated over random terrain with two degrees of roughness
(1 ft and C.5 ft rmas) and over two obstacle terrains (heights 1 in, and .5 in).

Runs were conducted at three velocities: 5 ft/sec; 10 {t/sec; and 15 ft/sec,

Additional runs were made using rigid wheels on both the random and the obstacle
D2-830612-~1
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AVERAGED, NORMAL!ZcD, AND COMBINED RIDE CRITZRIA

Rty o A LI e

"3 v = 10 ft/sec

V=15 ftlsec

V=5 filsec

RANDOM TERRAIN

—_— —
>0 1ft rms

OPTIMUM RIDE
PERFORMANCE

! i
10 20

SPRING RATE {bfin.)

@
v

Figure 5,5.23 - Spring Optimization of Suspension Forward Unit
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vV =15 ft/sec -

100r—

v = 10 ft/sec

vV =5 ft/sec
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1ftrms

AVERAGED, NORMALIZED, AND COMBINED RIDE CRITERIA

OPTIMUM RIDE
PERFORMANCE

1 I l I
% 5 10 20

SPRING RATE (ib/in.)

Figure 5. 5. 24 - Spring Optimization of Suspension Aft Unit
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AYERAGED, NORMALIZED, AND COMBINED RIDE CRITERIA

I i
100 i o} 10 ftfsec —
(o Qo
| > ft/sec i
o] )/
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50— —
u RANDOM TERRAIN
=its] 1t rms
oz £
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=l0O
el
& |5
O ja-
| | 1
0O 5 10
DAMPING RATE (ibsec/in.)
Figure 5, 5,25 - Damper Optimization of Forward Unit
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¥igure 5,5, 26 - Damper Optimization of Aft Unit
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terrains to study the effect of terrain-wheel impact as a function of wheel
flexibility. A few runs were also made with the vehicle stripped of all

suspensions.
Figures 5.5.27 to 5.5. 33 illustrate the performance characteristics cf the
forward and aft units of the vehicle with suspension and flexible wheels over

the 1.0 ft rms random terrain.

Figure 5.5.27: Percent oi time either one front wheel of the forward unit or

both front wheels of the forward unit are off-the-ground, as a function of speed.
Percent of ‘ime either one wheel of the aft unit or both wheels of the aft unit
are off-the -ground, as a function of speed. The wheels of th- forward unit are.
loosing contact with the ground a little more often than the wheels of the aft
unit. At a speed of 10 ft/sec the two front wheels of the forward unit and the
two wheels of the aft unit arc off-the-ground about 10% of the travel time.

This may signify the limit of efiective controllability of the vehicle.

Figure 5.5.28: rms of vertical accelerations of the c.g. of the forward and aft

units, as a function of time. The accelerations do not reach the human tolerance
2
level on earth of approximately 100 in/sec (rms), even at the maximum speed

of 15 ft/sec.

Figure 5.5.29: rms of pitch accelerations of forward and aft urit, as a function

of speed. The human tolerance level on earth is reached at a speed of about

13 ft/sec.

Figure 5.5.36: rms of roll accelerations of both units as a function of speed.

The human tolerance level on earth is never reached.

Figure 5.5.31: Maximum angle between the two units as a function of speced. If

. . . o ., .
the maximum allowable angle betwecn the two units is, for instance, 15 , it is
reached at a speed of 9 ft/sec. This is for the case where no pitch limiter is

incorporated. If higher speeds are desirable, a pitch limiter should be provided.
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Figure 5,5, 27 - Ride Performance of Optimized Vehicle
On Random Terrain: Wheel JLift-Offs
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Figure 5,5, 28 - Ride Performance of Cptimized Vehicle
uUn Randem Terrain: Vertical
Accelerations
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Figure 5,5, 29 - Ride ferformance of Optimized Vehicle
On Random Terrain: Pitch Acceleration
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.Figure 5. 5, 30 - Ride Performance of Optimizcd Vehicle
On Random Terrain: Rcll Acceleration
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Figure 5,5, 31 - Ride Parformance of Optimized Vehlicle

On Random Terrain: Maximum Angle Between Units
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Figure 5.5.32: dissipated damping power at one front wheel as a function

of speed. This information was utilized to Lelp detarmine total energy required

for locomotion.

Figure 5.5,.33: The percentage of time the force netween wheel and the ground

is greater than a certain force depends on the epecd of the vehicle. At a force
of 100 1b, which is roughly the force where the inner frame of the wheel be-
comes active, we can see that at 5 ft/sec the inner frame is engaged only 3%
of the time. At 10 ft/sec it is engaged 30% of the time and at 15 {t/sec 45%

of the tiire. These numbers indicate the difficulticas of reconciling low lunar

weights and high mass forces (which do not change with gravity).

Summarizing the above resulta, it appears that the maximum speed on randorn
terrain of the Mare-Cognitum type of the LSSM vchicle with optimized suspenaion
and flexible wheels would be approximately 10 ft/eec. At higher speeds the
wheels leave the ground mcere than 10% of the time, the human tolerance level

for pitch zccelerations is reached, and the angle between the two units surpasses

15°,

Figures 5.5.34 to 5.5, 37 compare the response of the forward unit equipped with
three different wheel-puepension combinations operating on random terrain
(1 ft and 0.5 ft rms). The three combirations are: susperde? flexibie wheel;

suspended rigid wheel; and non-suspended flexible wheel,

Figure 5.5,34: percentage of time one front vheel of the forward unit is off-the -

ground as a functicn of spe«d, wheel-suspension combination, and terrain rough-~
ness. On both terrains the non-suspended wheel parforms worst; the suspended,

flexible wheel performs best. The same is true for

Figure 5. 5. 35: percentage of time boih front wheels of the forward vnit are

off-the-ground as a function of speed, wheel typz, and terrain roughness., If
10% of the time off-the-ground .s the limit of maximum effective controllability,
the upper speed limit of the vehicle with unsuspernded wheels un random terrain

with 1.0 ft rms would be 6 {t/sec, whereas on the game terrain, the vehicle
D2-83012-1
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with suspended, flexible wheels could go at 10 ft/sec.

Figure 5.5.36: rms of vertical acceleration of the forward unit as a function

of speed, wheel type, and terrain roughness. The figure indicates clearly the

superiority of the suspended wheel over the unsuspended wheel.

Figure 5.5.37: rms of pitch acceleration of the forward unit as a functiou of
speed, wheel type, and terrain roughness. On both terrains the vehicle with
suspended wheels performs better than one with non-suspended wheels. On
the 1 -ft terrain, in the case of the non-suspended wheel, the humarn tolerance
level is surpassed at a speed of 6 ft/sec, whereas for the suspended wheel, be

it rigid or flexible, the tolerance level is reached at 14 ft/sec.

'Based on the above results, it can be concluded that a suspended wheel allows
higher speeds and gives a smcother ride than the non-suspended wheel. The
performance differences between the rigid and flexible whezl, both suspended,
are small. This is not surprising because the random terrain wavelengths are
much larger than the wheel footprint. The differcrce in performance between
these two wheels can be assessed more distinctly on terrain with obstacles
smaller in size than the footprint. In this latter case the flexible wheel would
tend to envelop the obatacle whereas the rigid wheel would follow the terrain

contour, thus developing rather Ligh accelerations and forces.

The comparison between rigid and flexible wheels is demonstrated in Figures
5.5.38 to 41. The vehicle was operated over terrain with periodic, small
triangular obstacles (1 in. and 0.5 in. high). Aguin with the suspended flexible
wheel, the suspended rigid wheel, and the non-suspended flexible wheel were

compared.

Figure 5.5.38: percent of time both front wheels of the forward unit are off-

the-ground, as a function of speed, obstacle height, and wheel type. The rigid

wheel is off-the-ground most of the time whereas the soft wheel never loses

cortact, even at the maximum speed of 15 ft/sec.
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Figure 5.5.39: rms of vertical acceleration of the cg of the forward unit as a

function of speed, obstacle height, and wheel type. The vertical acceleration
in the case of the rigid whe~l i an order-of-magnitude higher than vertical
acceleration for the soft suspended wheel. The {lexible, non-suspended wheel

also results in rather high accelerations.

Figure 5.5.40: rms of pitch acceleration of the cg of the forward unit as a

function of speed, obstacle height, and wheel type. The acceleration for the
rigid wheel exceeds the human tolerance level at all speeds, whereas the flex-
ible suspended wheel develops very small accelerations. The performance of

the flexible wheel without suspension is also unsatisfactory.

Figure 5.5.41: peak forces between the front wheels of the forward unit and
the ground as a function of‘speed, obstacle height, and wheel type. This figure
demonstrates the excessively high peak forces for the rigid wheel, caused by

continuously impacting the ground.

Thus, it can be concluded that the suspended flexible soft wheel out performs
both the rigid wheel and the non-suspended whe=l by far. On a randem terrain

of the Mare-Cognitum type a suspended wheel permits 4 to 8 ft/sec. higher
speeds than an non-suspended wheel; on a terrain with obstacles smaller than

the footprint, rigid wheels would bounce continously and develop very high impact

forces.

5.5.18: Dynamic Stability on Slopes

On the moon, weight forces are one-gixth as large as on earth. Consequently,
n:ass forces, spring forces and lamping forces dominate vehicle performance
on the moon. The interplay between these forces dctermines the smoothness of
the ride and the controllability of the vehicle, as has been demonstrated in

-

this study.

Besides smootbress of ride and controllability, another dynamic criterion should

be considercd as vital {or safe and satisfactory vehicle performance; that is,
D2-83012-1
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dynamic stability., Because mass, spring, and damping forces on the moon
are counteracted only by small weight forces, a lunar vehicle is subject to

greater instability than a terrestrial vehicle.

The stability of the vehicle has not been dealt with thoroughly in this study because
it requires a mathematical model based on real angles and not on small angles.

At small angles, the vehicle is supposedly always stable; instability, however,
can be studied even if the vehicle model is based on the small-angle assumption
by initiating a transition stage for the vehicle and observing the wheel lift -offs.

It can be assumed that if the wheels leave the ground during the transition for a
long peried of time, the vehicle may k2 considered to be in an unstable condition.
This, of course. is a crude procedure and cannot repiace a sericus computation
based on real angles; however it will indicate the range in which instabilities may

occur, and possibly, form a basis for a more exact study.

The following estimate of vebicle stability is based on a transition tims of
10 tc 20 secoads; if within this time period the wheels lose contact for more than

2 to 3 seconds, we consider the vehicle to be in a state of instability.

To affect a transition time of 10 to 20 seconds, the vehicle was assumed to be
traveling on a slope and hitting a bump as was pictured in Figure 5.5.4. Two
cases were considered: a front slope with a bump contacting both wheels of an
axle simultaneously, and a side slope with a bump coustacting the upper wheels

of the vehicle.

Computer runs were conducted at two vehicle speeds (4 ft/sec and 15 ft/cec),

three slope inclinations (07, 15°, 30%), and two bump heights (1 ft, 2 £t).

The computer results precented in Figuree 5. 5. 42 to 47 are not immediately
applicable to LLSSM performance because they were cuLtained for a lunar vehicle
three times heavier than the LSSM (MOLAB - with & lunar weight of 1,200 ibs).
However, dimensional analysis, based on the use of Froude and Cauchy numbrs,
indicated that the stability of the LSSM will be about the same ae that of MOLAB.
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Figures 5,5.42 to 5.5.45: Wheel lift-off and wheel-ground force for the forward

- and aft units for two step heights and two speeds, as a function of time. These
figures are traces of computer records selected as typical specimens of the
changing wheel-ground forces during the transition stage. After hitting the bump
the wheel-ground force first increases to a maximum, and then decreases to

a minimurn which is zero when the wheel lecaves the ground. If the wheel leaves
the ground for longer than two seconds the vehicle is assumed to be in a state

of instability. A striking example of instability is shown in Figure 5.5,45,

where the vehicle on a front slope hits a bump 2 ft high with a speed of 15 ft/sec.

Fipures 5.5.46 and 5.5.47: These figures are an attempt to find stability

limits as a function of speed, bump height, and slope angle. Fox example, if
the vehicle hits a bump 2 ft high with one wheel on the horizontal plane (ﬁ = 00),
it may become unstable at speeds greater than 10 ft/sec. If it hits the same
bump with two wheels simultaneously ( &4 = !')0), it becomes unstable at a lower
speed, that is at 6 ft/sec. The same bump on a side slope, tilted only 15°
reduces the speed to 6.5 ft sec, whereas the burnp on a front slope with ¢/, = 15°

limits the allowable speed to 4 ft/sec.

These may suffice to demonstrate the importarce of dynamic stability investi-
gations. Correctly executed they will yield a strong criterion for the evaluation

of lunar vehicle performance.
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5.6 LSSM MOBILITY PERFORMANCE SUMMARY

5.6.1 Soft Svil Mobility

The LSSM mobility capabilities over the specified ELMS and Annex G goile

are summarized in the following table,

It can be seen that the baseline LSSM

can negotiate all specified conditions with a comfortable margin of safety.

ELMS MCDRELS LSSM PERFORMANCE
Slope - Motion Slope Capa-
Degrees Soil Values Resistance DP/W bility, Degrecs
0° g = 32° 31, 7 0.52 27°
1 kg 0.5 s, 1
2 n=20.5 44.4
3 50, 6
4 56.9
5 9 = 32° 53,2 0.55 28°
kﬁ =1.0
7.5 n=0,75 68,8
10 ¢ = 32° 80. 0 0.56 29°
12,5 kﬁ=3.0 95. 3
15 n=1,0 110.5
17.5 125, 4
20 140, 2 _
25 ¢ = 32° 168. 0 0.58 30°
kﬁ =6,0, n=1,25
30
30 hard surface o
193.6 0.76 37
1.(= c.8
35 219, 6
IANNEX G SURFACE MODEL
0° ¢ =20° .
85 0.13 7.5
k0 =0,05 n=1

5. 6.2 Cbstacle Performance

‘The LSSM has a high degrez of capability over all typas of obstacles specified

in Annex G, Step height capability is 51 inches (120 cm) 28 compared to the

wheel diameter of 40 inches; crevice crceaing capability is 56 inches (142 cm).

(-A" Mﬂmwv;qu;x My:c;rﬂ'm,?— Mm—vg_v-rm :

Yol

T m&»?x A-m”%grw MAWM
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These values are appreciably greater than conventional rigid frame vehicles

are capable of.

5. 6. 3 Maneuverability

Steering: The minimum wall-to-wall turning radius for LSSM is 18,9 ft (6.1
meters) as compared to an overall vehicle length of 13,3 ft (4, ) meters). This
provides extremely good mancuvering capability. The amount of off -tracking
of the outside whecls at the minimum turn radius was only 9 inches (23 cm),

leas than the width of a wheel,

Braxing: Minimum stopping distances were calculated as functions of speed
and surface conditions. It was shown that in deformable soils, the stopping
distance greatly depends on the soil shearing characteristics; that is, the
lower the shear strength the greater the distance required. In any case,
vehicle velocity must be limited on the moon due to the face that stopping
distances will be six tirnes greater than on earth for equivalent surfare

conditions.

Vehicle Stability: Calculations indicate that th> LSSM will be statle vnder

all reascnable conditionas. From the static stability point-of-view, the vehicle
. . =40 . .
will not overturn in roll unless slope angles exceed 527; for overturning in
o ., .0 .
pitch this value in 627, For the more cri‘ical case of maneuvering on con-
tinuous clide slopes, it was determined that for all conditions specified in
ELMS, the vehiclie will slide rather than overturn. In either the roll or
pitch medes, the LS5M will not becorne unstable while maneuvering unless

the cocfficient of fricticn is significantly greater than 1.0,

5. 6.4 Dynamic Perforinance

Results of a computer program ride aralysis were used to help determine the

design ranges of suepeneion spring and damping rates., Rates established

were 15 1L/in {26 N/cm) for the springs aud 50 (b sec/'t'(730 N sec/cm) for the

damper. Results of studics performed {6r random terrain with a power

gpectral denzity distribution sirnilar to that deduced from Ranger 7 photo-
D2-83012-1
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graphs, and over small discrete bumps, indicated that from the ride point-
 of-view flexible wheels are greatly guperior to rigid wheels, and that it is

important that suspensions be incorporated in the L.SSM design.

5.6.5 Summazy

A summary of the saiient LSSM performance characteristics is given in

the chart of Figure 5.6, 1,
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6.0 CONCEPTUAL DESIGN OF BASELINE LSSM MOBILITY SYSTEM

This section of the report discusses and describes the baseline LSSM mobility

system and its major subsystems. These include:

o Wheel assernblies

o Wheel drive mechanismas
o Suspensvion systems

o Steering mechanisms

o Chassis -Frame assembly
o Electric drive system

6.1 OVERALL MOBILITY SYSTEM

6.1.1 Introduction

The purpose of the LSSM mobility system is to function as a highly mobile plat-
form capable of negotiaiing the soils, slopes and obstacles of the lunar surface,
while providing maximum probability of crew safety and mission euccess. Since
the characteristics of the lunar surface are still largely unknown (or least open
to debate), a major design objective was to provide a system capable of high
mobility performance over as wide a range of possible suriace conditions as

possible,
Another majer design objective was to achieve simplicity to reduce develorment
costs, consisicnt with performance and reliability requirements and mass and

envelope restraints.

6.1.2 Reqguirements

Requirements establighed for the mability system design were as follows:
(1)  Cecmpatibility with the lunar thermal and vacuum environment,
(2)  Ability to withstand lcads impoged durihg launch, transit, landing
and operation over the lunar surface, (Thesc are described in
D2-83012-1
Page 6-1
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Boeing Document D2-82068, MOLAB Structural Design Criteria)

(3) Wherever feasible, provide redundancy in critical subsystems.

(4) Ability to accommodate an astronaut-driver and any necessary
communications, navigation, power and thermal systems, and trans-
port 600 to 700 1bm of scientific equipment. It should also be able
to accommodate a second astronaut in place of the cargo.

(5)  When fully loaded, the LSSM vehicle should have the speed capa-
bility of 16 km/hr {10 mph) over smooth, level, hard ground and
at least 5 km/hr (4.1 mph) in level soft soils (kﬁ =0.5, n=0,5),

(6} Ability to negotiate all surface conditions specified in ELMS,

(7) Average speed over the ELMS profiles should be at least 5 km/hr

(4.1 mph).
(8)  Ability to negotiate a step obstacle at least 40 inches (101 cm) high,
(9)  Angles of approach and departure should be at least 90 degrees.

(10) Provide as comfortable a ride as possible for the astronaut,

6,1.3 Megkbility System Description

The LSS5M mobility system, shown in Figure 6. 1.1, incorporates a chasgsis-frame
assembly, essentially identical parallel arm suspensions at all wheels, individual
wheel drive mechanisms, identical steering mechanisms for the forward and
aft wheels, and flexible wire frame wheels. Control electronics for driving

and steering are located in a thermal compartment on the aft unit.

The chassis-frame assembly consists of forward and aft unit frames, and a
flexible frame and pitch limiter located between the two units. The frames are
box structures on which appropriate fittings are located for suspension, flexible
frame, crew station, scientific payload, thermal compartment and stowage
attachments. Two main structural members ncar the center of the bdxes pro-
vide the main lcad path, aad are also the track support on the forward unit for
retracting the flexible frame for stowage. The flexible frame consists of eight

thin-walled tubes, connecting the forward and aft units, which permit the units

D2-83012-1
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Figure 6. 1.1 - Assembly, Mobility Subsystems, D2-830i2-
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to roll and pitch relativn to each other, The pitch limiter essentially consists
of two concentric tubes sliding on each other and is designed to limit relative
movement between the forward and aft units, and prevent overstressing of the

flexible frame when negotiating severe obstacles,

The parallel arm suspension assemblies are essentially identical at all six
wheels. Each consists of welded tubular steel upperband lower arms, damper/
stop assembly and torsion bar spring element. The torsion bar is located
longitudinally between the chassis attachments for the upper suspension arm,
The damper is of the lincar dash-pot type with electrical heating elements to
maintain nec :ssary fluid temperature, and is ioccated between the lower arm
chassis a;ttachment point 2nd upper arm wheel attachment point. The suspension

is designed for a total vertical travel of 25.4 cm (10 in. ),

The individual wheel drive assemblies are mounted at the wheel hubs and include
a harmonic drive, spur gear reduction, brakes, declutching mechanism, relectric
drive motor and radiator. The harmonic drive provides the major portion of

the necessary speed reductionv between motor and wheel as well as providing

a hermetic geal for the high speed parts. Driving action of the wheel is accom-~
plishéd through the following sequence: motor output - wave generator - flex-
spline - circular spline - intermediate pinions - ring gear - wh=zel hub, Locating
the intermediate pinions between the circular spline of the harmonic drive and
the ring gear on the wheel hub permits placing the passive radiator outboard of
the wheel disc. The service brake iz 2 conventionzl duo-gervo two-shoe brake
actuated by a pilot shoe assembly which in turn is actuated by a solenoid., For
parking, manual actuation of the aclenoid armature is substituted for electrical
actuaticn, through a push-pull cable. For parking purposes it is contemplated
that only the brakes of the forward unit wheels will be applied. Declutching

of the wheel from the drive emergency operation is also accomplished manually

by a release device that disengages the ring gear from the wheel hub,

' D2«83012«1
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The electric drive motors are of the three-phase squirrel cage induction type,
Torque and speed are varied by controlling motor frequency, slip and current
by means of transistorized inverter - modulators. Three motors ou one side
of the vehicle are controlled by one inverter - modulator. All electronics for

the electric drive system are located in the aft unit thermal compartment.

The drive system is capable of producing wheel torques as follows: 89mi-N
(120 Ib-ft) at a wheel speed of 2 rpm (maxirnum intermittent), 5lm-N
(69 1b-ft) at 5 rpm (maximum continuous), and 4. 5m-N (6 1b-ft) at 92 rpm

{(maximum vehicle speed of 16 kin/hr).

The Ackermann steering actuators for the‘forwaz-d and aft wheels are essentially
identical. Each consiste of a cross-link assembly, housing, connecting links

to the wheels, ball-nut input and an electric motor assembly with a spiroid

gear output. The two mechanisms are synchronized by means of a flexible

shaft connecting the two. A manual emergency steering capability is provided

for the forward actuator,

The wheels consist of the following baegic elements: wheel disec, rin-, flexible
woven wire outer frame, etiff inner frame to limit wheel deflections due to
impact loads, and a tread tc provide a bearing surface. The wheels are 101. 6
cm (40 in. ) in diameter with a section width of 25,4 cm (10 in, ) and are designed

to have a static deflection of about 4,3 ecm (1,67 in, ) at nominal wheel load.

The general characteristics of the LSSM mckility systems are given in Figure

6. 1. 2.

The estimated mass breakdown for the mobility system is givea in Figure 6.1.3.

 D2-83012-3
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Wheel Assembly (6). 180 82
Wheel Drive System (6) 132 60
Suspension System (6) _ 60 27
Steering Mechanism (2) 34 16
Forward Unit Frame 86,5 39
Flexible Frame (w/Pitch Limiter) 10.5 5
Aft Unit Frame 62.5 28
Electronics for Driving & Steering 37.5 17

603 274

Figure 6.1.3 - LSSM Mobility System Mass Breakdown

22830121
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6.2 WHEEL ASSEMBLY

6.2.1 Introduction

The wheel design for LSSM, or for any off-road vehicle, affects mobhility over
both soft ground and cbstacles, energy rzquirements, stability, and vehicle ride

and hardling characteristice, as well as drive train and motor design.

Because the characier of the lunar surface is largely unknown, it is necessary that
the wheels be capable of providing an acceptable degree of performance over a wide
range of terrain conditions ranging from deep, loose soils to hard, cough ground
and over obstacles and slopes. Rigid wheels, while siinple in concept, are con-
sidered unacceptable for this application from the viewpoints of both soft ~nd rough

terrain performance.

In soft ground, rigid wheels ave inferior to flexible wheels from the following
points of view:
o They develop considerably higher motion reaistance thar
flexible wheels.
o This means that locomotion energy requiremnents are considerably
higher fcr rigid wheels.
o Drawbar pull performance {which is a direct measure of the elope
climbing capability) of a vehicle equipped with rigid wheels is poov

compared to that of one with flexible wheels.

This latter point is illustrated in Figure 6.2.1, where drawbar pull performance
for the two types of wheels is compared over a wide range of soil conditions. Rigid

wheel performance is clearly inferior, especially in the softer soils.

In rough terrain, rigid wheels transfer high imnpact forces to the vehicle chassis
resulting in possible damage to the vehicle or payload and poor ride performasnce,

as was discussed in Section 5.5 of this report.

In the course of the Lunar Mobile Laboratory (MOLAB) study, six different metallic
flexible wheel concepts were evaluated ard compared to determine which concept

or concepts would best suit the requirements of vehicle opcration over the lunar
Di=83012«1
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surface. The pneumatic tire and rigid wheel were also included in the evaluation

process for comparison purposes.

The eight candidate wheel concepts are illustrated in Figure 6.2.2 and described
in Figure 6.2.3. Coaceptual design layouts of each were prepared and supporting
calculations developed in sufficient detail to provide a basis for comparison of the
several concepta from the viewpoints of:
o Mechanical Reliability
¢ Mass
o Soft Soil Mobility
a. Gradeability
b. Locomction efficiency
o Obstacle Mobility
a. Step obstacle
b. Crevice
o Steering Resistance
o Effect on Ride Comfort
o Stability
o Wear Resistance
o Environmental Compatibility

o Deveiopment Rick and Cost

Results of the evaluation indicated that the wire frame and bi-directional metal-
elastic wheels would be the most suitable for lunar application with the wire frame
version considered somewhat superior on the basis of importance factors assigned
to each of the above criteria. The wire frame wheel was therefore gselacted as the
baselire concept for MOLAB and is pPresently being used as the basis for LSSM
preliminary design. Fowever, both concepts will be tested arnd re-evaluated in
the Lunar Wheel and Drive System Environmental Test Program (AES Payloads),
Contract NAS 8-20267, presently being conducted by GM DRL,

It should be noted that at this tirne, pr.eumatic tires have been eliminated due to
incompatibility with the lunar envircnment. At present, rubbers and elastorners

are in general not considered practical due to their low temperature brittleness and
D2-83C12a1
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=~ JCANDIDATE CONCEPT DESCRIPTION

l. Rigid Simple, all metal conatruction., No appreciable
deflectior under load.

2. Pneumatic Conventional inflated tire. Highly developed for
terrestrial applications.
3. Wire Frame Steel mesh covering over a pantographing flexible
wire frame. Performs somewhat like a pneumatic
tire.
4. Metal-Elastir High deflection wheel of open construction. Flexible ]
{Unidirectional) semi-circular metal band spokes.

5. Metal-Elastic Same as above with full circular spokes.
(Bidirectional) '

6. Elliptical Metal band wheel of open construction. Canted

hubs and pin-ended spokes constrain wheel to
elliptical shape.

7. Hemispherical Canted hub, hemispherical shape, wice frame wheecel.
Provides increased roll stability.

8. Hubless Rim-driven flexible band wheel. High deflection,
open construction

Figure 6,2,3 Description of Candidate Wheel Concepts

D2.83012a1
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out-gassing characteristics. Other factors such as abrasion and puncturc re-

sistance and permeability to gasses must also be considered. If LGSM operations
are limited to the lunar day, it may be possible with advances in the state-of-the-
art to develop a pneumatic tire for lunar operation. It is doubtful, however, that

such a tire would ever be capable of lunar night operations.

6.2.2 Wire Frame Wheel Test Program

A wire framz wheel development program was conducted at GM DRL under the
in-house Lunar Roving Vehicle Design Investigation Program (W.O, 20-22108-200)

and the Mobility Test Article (MTA) Contract NAS 8-20251,

Primary objectives of this program were to develop design data on the wire trame
wheel concept defined under the Lunar Mobile Laboratory (MOLAB) contract and
to optimize the design for use on the MTA, In addition, the results of the program
would be utilized to help define an LSSM wheel design. A numbexr of 60 in. dia. x
15 in, wide wire frame wheels were tested incorporating various combinations of
material, number of wires and fabrication and processing techniques. As a result
of this development program, a satisfactory design has been established for use
on the MTA and much valuable data has been gathered to aid in the development

of a wire frame wheel for surface vehicles capable of operating in the lunar

environment.

The tests described herein were conducted on the GM DRL rolling road facility
shown in Figure 6.2.4. This facility consists of a variable speed moving belt

to which obstacles may be attached for rough surface tests. A parallel-arm
attachment structure, to which the wheel with its associated drive system and
suspension may be mounted, is rigidly attached to the frame of the rolling road.
A loading and counterbalancing platform are also provided. Instrumentation is
provided to measure wheel speed, total revolutiona, road speed, wheel torque
and vertical acceleration. A DC motor drives the wheel through an 80:1 re-
duction harmonic drive unit. By varying the speed of the wheel drive system and
the belit speed of the relling road, a wide range of speed-torque conditiocns may

be simulated,

D2-83012-1
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In all, ten teat article wheels were subjecied to endurance testing on the

rolling road, The ﬁrst test article wheel incorperated all of the critical

wheel elements - outerframe, tread, covering, and inner frame. It soon
became evident, however, that a major problem existed in obtaining adequate
fatigue life. For this reanon furthar testing was restricted to eandurance testing

of the outerframe only in order to develop a wheel adequate for use on the MTA.

Figure 6.2.5 illustrates four basic variations of the wire frame wheel which were
included in the test program. In the looped-joint construction each wire jis

looped at the intersection resulting in positively interlocked joints. The hand
woven construction eliminate.s the looped joints by simply interweaving inter-
secting wires. Both versions of the pre-crimped woven construction utilized
wires which were crimpea at regular intervals tc positively locate the wire

intersections.

Test Article 1: The first wheel to be tested was a complete system. That is

all major clements were represcented as follows: Disc and rim - 0. 080 thick
6061 -T6 aluminum spun construction; outer frame ~ 0. 090 music wire, 90 right
hand, 90 left hand wires, 1.5 inch mesk, hand woven; inner frame - 90 SAE
1095 clock, spring steel loops connected by 3 rings; covering - type 304 CRES

- wire cloth, 24 x 24 mesh, 0.010 wire diaineter; tread - plastic-coated chain
link fencing, 1.5 inch mesh. Preliminary testing indicated that the cover and
tread design required more development. The most serious problem, hewever,
appeared to be the wire outer frame. Operating at a speed of 60 rpm and loaded
to a deflection of 2.5 inches the first wire in the frame failed at 20,000 cycles
and at approximately 34,000 cycles 5% of the wires had failed. It was, therefore,
decided tc defer ‘urther testing of other wheel elements until such time as the
wire frame achieved satisfactory fatigue life and subsequent tests were conducted
on uncovered wheels (basic wire frame only). All subsequent endurance tests
were run at a speed of 60 rpm and a torque of 25 lb-ft with the wheels loaded to a
nominal deflection of 2.5 inches. Failure of five percent oi the total number of
wires in the wheel was arbitrarily established as thc comparison point for fatigue

life,

D2-83012.1
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Test Article 2: Test Article 2, supplied by the Goodyvear Tire and Rubber Company,.

utilized the looped joint method of construction. The wires failed rapidly at the

points of intersection, reaching the 5 percent failure level after only 6000 cvcles,

Teoat Articles 3 and 4: The first test scries indicated that a design must be de-

signed to provide positive location of the wires at each intersection without intro-
ducing the high local stregses associated with the looped-joint mode of construction,
The wire frames of the third and ifourth wheel constructed were woven as

continuous cylinders with the individual wires crimped at each intersection to

locate them posgitively. The number of wires was doubled from 180 (1.5 in. mesh)
to 360 {0.75 in. mesh) and the wire size was reduced to 0,072 inch diameaer in
order to lower stresses. Wheel No. 3 was woven from type 304 CRES wire while
wheel 4 was woven from music wire. Both wheels survived approximately 28, 000

cycles of operation before 5 percent of the wires had broken.

Test Article 5: This wheel was constructed using 0. 063 inch music wire in order

to reduce stress levels still further, The number of wires was maintained at
360 since the 0.75 inch mcsh was readily available. Extra care was taken in the
crimping process to aveid nicking the wires which causcs local stresses. The

wheel survived 48,000 cycles before reaching the 5% fatigue failurc level.

Test Article 6: Examination of test resu:is and analysis of the wire frame indi-

cated that stresses induced by forming the wheel fromn & cylinder intc a torus
were in the order of 100,000 psi. This stress, together with operating stresses,
resulting in n=t working stress levels of 180,000 to 200,000 psi. To attain a
fatigue life of at least 100,000 cycles, stresses must be kept at 150, 000 psi or
lower. Test Article € was thefefnre stress-relieved by forming the flexible

wire cylinder into a torus on a fixture and relieving the stresses at 500°F ior one

hour. This wheel survived approximately 60, 000 cycles, indicating some improvement

Test Article 7: Inability to reach the target life of 100,000 cycles with the first six

wire frame wheels to he tested prompted the investigation of an alteraative concept
which did not use interwoven wires. A radial strip wheel, ghewn in Figure 6.2.0,

was fabricated from 90 0.050 inch x 0.50 inch preformed clock gpring steel

D2=5530121)
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loops interconnected by a ! inch x 0.050 inch circumferential ring of the same
material, This wheel survived 9.0, 000 cycles and showed promise as a back-up

configuration to the wire frame wheel.

Test Article 8: A test wheel was fabricated from 360 0.125 inch x 0.052 inch

clock spring steel strips woven on a 0.75 inch mesh. This wheel proved very
difficult to fabricate and lasted less than 20,000 cycles before reaching the 5%

failure point.

Test Article 9: Test Acticle 9 may be considered a pre-prototype of the MTA

wheel. It was fabricated from 540 pieces of 0. 065 inch mmusic wire wover. in a
0.5 inch mesh. Operating stresses were minimized by '"over-wrapping'" the
flexible wire frame during stress-relief and by utilizing a large number of small
diameter wires. This wheel has completed approximately 160,000 cycles at the
5% failure pcint. The results of this test indicate that, with minor modifications,

the 0.5 inch mesh would be suitable for use on the Mobility Test Article (MTA).

Test Articles 10 and 11: Test Article 10 was a duplicate of Test Article ¢ with

the exception that approximately one-third of the wires were plated to evaluate
electroless nickel as a corrosion and abrasion-resistant coating. The nickel
plated area failed rapidly, indicating that the plating had a delitereous effect on
the fatigue life of the wire. Test Article 10 was also used to determine the
circumfrential spring rate of an MTA type wheel. This was necessary in order
tc determine the required load-deformation characteristics of the neathane tread

strips to be used on the MTA wheel,
Test Article 11, a prototype of the MTA wheel, was woven from 630 wires of
0.063 inch diameter. This wheel was used to verify fabrication and assembly

techniques and to confirm proper fit of the tread strips.

6.2.3 Test Program Summary

In summary it may be concluded thac
o The looped-joint method of constructicn i8 not acceptable,

o Hand-woven corstruction is not acceptable. c D2-83012-1
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o Pre-crimgped construction is an acceptable solution if care is
taken in the crimping process.

o Stress-relieviio

2 i3 necessary

0 A wire material is required with fatigue properties comparable
to those of rnusic wire
o A configuration has been developed suitable for opcration in the

terrestrial enviromnent for MTA,

While a significant amount of progress has been made in the development of the
wirc frame wheel, a great dcal of effort still remains in advancing the developinent
fromy a functionally acceptable design to the status of fully qualified lunar hardware.
Remaining problems include:

o Selection of suitable wire materials for the flexible outer frame

to prevent cold-welding.

o Design and material selection for the inner frame

o Desigr and material selection for the trecad
In any cvent, the information gained during the coursc of this test program has
proven useful in the preparation of the present preliminary design for the LLSSM

wheel.

6.2, 1 LSSM Whecl Desipgn Criteria

The criteria uscd for LSSM wheel design are listed in Figure 6.2.7. Wheel
dimensions are set by LEM/Shelter stowage requiremerts at 102 cm (40 in.)

diameter by 25 ¢m (10 in.) wide.

The loaded mass of the baseline LSSM ranges approximately from 976- kg (2170 1bm}
to 1035 kg (2300 1bm) depending upon the mission profile. As a baseline, the nominal
wheel load was normalized at 289 N (€5 1bf) which represents the mean between the
two extremes. The nominal wheel torque has been ncrmalized to the maximum
continuous duty torque required to climb a 35° slope. The limit radial load has

been normalized at 5204 N (1170 1bf) which represents a 3 g (earih) input; this is

the dyramic load commonly specified for slow-moving, off-road terrestrial

vehicles.
D2-83012-1
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1. Nominal Diameter

2. Nominal Width

3. Nominal Load

4., Nominal Torque

5. Lirnit Radial Load

6. Limit Lateral Load

7. Maximum Torque

8. Deflection at Nom.inal load
9. Nomipal Spring Rate

10, Maximum Wheel Speed

L. Life

1C1.6 ¢cm (40 in.)

25,4 cm (10 in.)

289 N (65 1bf)

92 N-m (68 1bf-ft)

5204 N (1170 1bf)

578 N {130 1bf)

165 N-m (120 1bf-ft)

4.3 cm (1.7 in.) Wire Fran:e
66 N/cm (28 lbf/in.) Wire Frame
G2 rpm

100, 000 Rev,

s o v e

Figure 6.2.7 Wheel Design Criteria




The maximum torque represents the intermittent duty torgue required for

~—uobstacle climbing. The wheel deflection at nominal ioad is set as 17% of the
section width., The maximum wheel speecd of 92 rpm represents a vehicle speed
of approximately 16 km/hr {10 mph) én.si the life criteria of 100,000 revolutions
allows for 2C0 km (125 mi. ) of travel with a sufety factor of 1,0,

~

6.2.5 LB5M Wheel Peelirninary Design

The 1S5M wheels illustrated in Figure 6.2.8 and 6. 2.9 consist of the following
Lasic elements: wheel disc, rim, woven wire outer {rame, inrer frame, and tread.
The wheel design shown in Figure 6.2.8 is that evolved during the course of the
present LGSM study. That shown in Figure 6.2.9 is the design under consider-
ation for use in the Wheel and Drive System Envirommental Test Frogram. The
two concepts are similar except for the number of vires and inner frame design.
The latter concept is the onc that appears most promising at this time and is now

con3sidered the bascline L35M wheel and 15 therefore discussed below,

The wheel disc iz a formed or spun corndcal frustrurn which att>ches to the v.reel
drive hub ard the rim. 7075-T6 aluminum alloy and £AL -4V titunium alloy are

currently considerad promising materia! for tnis component.

The rim will be fabricated {from the same material as the wheel disc, Fastensers

through the rira will secure the wire frame beoween the rim and the inner {rame.

The woven ~wire outer {rarme consisgts ¢f 549 interwoven wires in a 0, 375-in, meash,
Samn materials under cousideration include Dee’ 31, L6055, A2B6, 17-TPH, and
Deta acloy titaniom (13V-i1Cr-ZAal). The wires will be precrimped and woven into
A cyhindoer ard then preformed to a toreidal shape by stress-velievirg on a fixture.
Design computat:ons were made {or the woven wire outer frame hased on the
analytical method developsd in the MOLAR study and subsequently modified by
resulty of teste performed on variode breadboard and MTA wheels, The choice

o) 2 wrires wan hased on tha results of the previcusly discuseced wheel develop-

ront teate and material fatipao life 6zta which indicated that normal cperating

D2-83012-1
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stresses should be kept at or below 150,000 psi for materials with fatigue pro-
perties comparable to those of music wire and 100, 000 psi for titanium alloy
wire. The computations established the stress levels as 151,000 psi for the
materials having a modulus of approximately 30 x 106 psi and as 96,000 psi for
the titanium alloys. The wire diameters were established 22 0,127 ¢m (0.050 in)
for the 13V-11Cr-2Al titanium alloy and approximately 0.107 cm (0. 042 in) for
the other materials. Peak stresses in *he wire frame are expected to be up to
50% higher than the normal operating stress. However, the high tensile strengths
of the alloys being considered (225 to 375 ksi) will prevent any overstressing of

the wire at maximum deflections.

The inner frame limits vertical and lateral deflection of the outer frame and
absorbs impact loads. It consists of 26 hoop elements interconnected by a hat-
section ring, Two clamp rings at the ends of the hoop elements carry clinch nuts
used to clamp the outer frame. A welded construction of 6Al-4V titanium alloy
is currently being considered for the inner frame becauze of its high strength-to-

weight ratio.

The assumption was made that the flexible wire outer frame will deflect 7.62 cm
(3 in.) before encountering the inner frame. Since it had been determined that

maximum wheel deflection must be limited to 8.89 cm (3.5 in.) to prevent over-
stressing of the wire frame, design calculations for the inner frame were based

onl.27cm (0.5 i.n.) deflection at the limit radial load of 52C4 N (1170 1bf}). The

number of hoop elements was established as 36 based on the trade-off of minimizing

the numbes of hoop elements to save weight while locating the hoops close enough
to each other to evenly distribute the lcad. The shape of the hoops was scaled
from the MOLAB inner frame and a rectangular cross-scction was assumed. In
order to maximize themoment of inevtia of the circumferential ring while keeping
weight to a minimum, a stable hat cross section was assumed. Computations
established the hit section dimensions as 3.81 e¢m (1.5 in) high x 2.54 cm (1.0 in)
wide x 011 c¢m (0,043 in) thick and the radial hoop section as 0.82 c¢m (0. 322 in)
wide x 0,31 e¢m (0.123 in) thick, Stresses at the limit load were calculated as
38,000 psi in the ring and 100,000 psi in the hoop eciements. These stresses are

well within the capabilities of the alloys under consideration.
D2<83012a1
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The tread provides a bearing surface for the wheel. The design of a tread which
will be capable of the elastic deformations required to conform to the wheel cir-
cnrnference as the wheel rolls under load will be developed in the Wheel and
Drive Experimental Test Program. A woven wire braid material or separate

metal iugs are currently under consideration.

6.2.6 Wheel Mass Summary

The results of the mass analysis for the baseline LSSM wheel are presented in
Figure 6.2.10, he estimated mass shown re¢ >resents a reduction of about 5 1b.

per wheel as compared to the previcus wheel concept shown in Figure 6.2. 8.

Mass
Item (kg) (1bm)
1. Outer Frame 2.6 5.8
2. Inner Frame 3.9 8.6
2. Rim 0.8 1.7
4. Disc 1.1 2.5
5. Tread 2.0 4.5
6. Fasteners and Weldments 0.7 1.5
Total il.l 24.6

Figure 6.2.10 Wheel Mass Summary

D2-83012=1
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6.3 WHEEL DRIVE MECHANISM

6.3.1 Introduction

The conceptual design of the I.3SM wheel drive mechanism was guided by the
following general considerations:

o  Mechanical simplicity

o Compatibility with the lunar thermal and Qacuum environment

o Ease of integration into the LLSSM mobility system

Earlier studies performed during the MOLAB and MTA programs had resulted
in the conclu. ion that, for lunar operation, the harmonic drive system was the
preferred mechanism for a wheel drive. This conclusion has been carried

over into this study.,

6.3.2 Requirements

General requirements for the wheel drive mechanisms were set forth as
follows: 7
(1) Each whecl shall be independently powered by a separate drive
assembly mounted in the wheel hub, ‘
(2) Each wheel drive assembly shall consist of a drive motor, gear
» reducer, brake system and declutching mechanism.
(3) The entire drive assembly shall be hermetically sealed to the
meaximum extent possible.
(4) The wheel drive shall be capable of operating in either directicn.
(5) Ability to declutch each wheel from its drive mechanism is
required to allow vehicle operation without skidding a wheel
should failure of a wheel drive mechanism occur, or if only some
of the wheels are to be driven, as in the case of smooth hard
ground,
(6) Independent passive thermal control (radiator) shall be provided

for each wheel drive system.

(7) High reliability, high efiiciency, low weight, and small size
rin design objectives. !
are primary design objectives D2-83012-1
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Operational requirements were establiched as follows:

o Output ‘Torque‘

@ 92 rpin (maximum speed) 6 1b-ft

@ 5 rpm (maximum continucus duty) 68 1b-ft

@ 2 rpm (intermittent) 120 lo-ft
o Overall Speed Reduction 130:1
o Maximum System Temperature 400°F (47701‘()
o Maximum Brake Torgue 120 1b-ft
o Maximum Centinuous Brake Dissipation 45 watts

The intermittent duty torque point is that required for the LSSM to climb a
step obstacle 40 inches high. Thié value was determined from scale-model
tests, The maximum continuous duty point corresponds to the requiremert
for climbing a 35 degree hard surface slope. The maximum speed torque is
derived from the requirement for a masximum vehicle speed of 16 km/hr

(10 mph) over a level, hard surface.

The overall spzed reductioa of approximziely 130:1 converta the 12, 000 rom
input to the drive from the integrally mounted electric motor to » maximurn

wheel speed of 92 rpm.

Maximum brake torque was established to match maximum drive torque re-
quirements and the ccntinuoua brake heat dissipation is design.d to permit
continucus downiiill braking at speeds equal Yo the maximum driving speed
uphill, In addition there are requirements for manual cperation of the brakes
for both emergency and parking medes, and for emcrgency manual declutching

of the vheel in case of wheel drive malfuncticn,

6,3.3 Drive Mechanigm Description

The design evolved to meet these requirsments is shown in Figure 6.3.1, It

consists of the following m2jor elements:

D2-83012-1
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o Electric drive motor

o Gear train

o] Brake syustem

0 Lubrication syatem

o) Wheel drive disconnect

o Radiator

The drive motor is of the squirrel cage induction typs, and ig directly coupled
to the wave pererator of the harmonic drive., (The motor is discussecd in de -
tail in Seclion 6. 7 of this report, under Electric Drive System,.) The harmonic
drive provides the major apeed reduction and a hermetic scal that permits

high speed components to be operated in a pressurized atmoephere. The out-
put of the harmonic drive is the circular spline which has gear teeth on its
outer circumference to engage three small pinions whick drive a ring gear
attached to the wheet hubk, The wheel hub containg a brake drum surface
#gainst which a duo-servo brale system cperates, Dypamic sealc between the
wheel hub and drive zssembly provide a rneans of ceatrelling pressure in the

8pace whare the output gears and bhrake oprrate,

The assembly is mounted on the vebicle with the motor outboard. The radiator
attached to the motor therefore is located in the best available position for
effective radiation tu space.

With a maximum harmonic drive input speed of 12, 000 rpm and a wheel speed
of 92 rpm, the overall speed reduction is about 130:1, The use of intermediate
piniors at the output provide a final cutput reduction. This reduction, equal

to the ratio of the ring gear and circular spline drive gear pitch diameters,

is 1. 6:1. A reduction of 82:1 is provided by the harmonic drive,

The efficiency of the drive is not readily determined, however, a reascnable
estimate that takes into censideration the operating environment would be

0. 85 for the harmonic drive and 0, 30 for the output gearing, or an overall

nominal terque efficiency of about 75%,
D2-83Cl2-]
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The ring gear drives the wheel hub through a set of spring loaded pins that trans-
— mit the torque between the two members. A collar normally retaing these pins
in engagement. When this collar is rotated relative to the wheel hub to a

second position, theae pins are released and the drive is disconnected from

the wheel hub, An alternate system could use a split collar retained by explosive

bolts that could be fived electrically to disconnect the drive,

The LSSM brake is based on a conventional duo-servo two-shoe brake assembly
actuated by a pilot shoe asgsembly controlled by a small short stroke solenoid.
Thic means of actuation is similar to that of commmercia) electric trailer brakes,
where a solenoid forces a friction pad against the rotating brake drum to obtain

actuation forces,

The decision to have the brake react againet the wheel hub eliminates the need
for a eecond emergency brake such as was required for the MOLAB wheel
drive, where declutching the drive system disconnected the service brake,
The LSSM depign also makes the wheel hub, disc and wheel available as heat

sinks and radiating surfaces to dissipate braking energy.

This lecation of the brake placed a requirement on it for a high torque capability
and led to a brake configuration with a high degree of self-energization to
minimize brake actuator forces. The detailed design of the brake system

will be sensitive to the brake lining material and its friction coefficient in the
LSSM environment. The main effect of this variable is in the actuator force
requircment. Considerable study of actuator systems resulted in the system

shown.

In this system, a small frictivn shoe with a certain amount of self-energization
is essentially always in contact with the drum and free to rotate with the drum
and react against the brake shoes, Such an arrangement resulte in requirements
for an actuator for this pilot shoe of essentially zero travel and minimum force--
requirements that can be met with a low power solenoid, To develop full

— braking torque of 120 ib-fi it is estimated only 15 lbf is required from the

golenoid, D2a83012e1
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The parking brake is operated by a manual push -pull cable actuating a small

~ cam device in parallel with the armature of the solenoid, These manual

forces required are emall, largely determined by return spring forces required
to overcome friction, A tension equalizing syetem of pulleys is ticd to a single
operating lever to apply the parking brakes on the four wheels of the forward

unit.

With respect to lubrication, the following principles were generally followed:
o To the extent necessary or feasible, mechanisms should be
herrhetically sealed frcm the vacuum,
o Mechanisms or parts of mechaniems that cannot be hermetical s
sealed will be closed-off from the vacuum by mechanical or
molecular seals to achieve an ambient pressure highesr than

the lunar vacuum,

Aside from the obvious benefits of avoiding vacuum material problems by
hermetically eealing -- secverzl other justifications exiat:

o The presence of an atmosphere assures convective currente to
help in the ﬂlcrmal control of the mechanism,

o A controlled pressure alleviates problems that could arise be-
cause cf the presence of electrical potentials in the mechanism
at ionization pressures,

o The presence of controlled and predictable preessures reduces
the development and test elfort for elements and materials en-

closed by the hermetic seal.

The use of molecular or mechanical seals on all other mechanisms is dictated
by the fact that such seals in conjunction with a suitable cutgassing material
can maintain an ambient pressure for mechanisms substantially in excess of

that of lunar ambient with the following advantages:

_ ‘ D2-83012.]
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o Material problems are substantially reduced,
o Pressures are of a magnitude that can be readily achieved with

ordinary vacuum equipment, simplifying development testing,

Application of these principles is, of ceurse, not simple. They will be strongly
dependent on considerations of temperature, which varies over an extremsly
wide range, and materials problems that even for a hermetically sealed

mechanism will require considerable investigation and testing.

The proposed LSSM wheel drive design is cuncerned, therefore, not with a
specific golution to the lubrication problem, but in refleciing a mechanical
design that will permit the develcpment of an acceptable lubrication system

when the detailed environmental parameters are firmly established.

Instrumentation at the wheel drive mechanism will be limited to measurement
of temperature at the motor case and of pressure in the hermetically sealed
section, This latter measurement would be used to obtain operational status

data and provide a means of checking the condition of the seal after final acsembly,

Based on MOLAB data and assuming similarity of thermal models, a 2 £t2 hub-
mounted radiator would dissipate enough heat on a continuous basis to maintain
maximumn temperatures in the wheel drive assembly under 400°F. This assumes
full solar load, maximum lunar surface temperature, and an average heat input

of 70 watts., This, therefore, is considered a conservative estirnate of rac.ator

For night-time operation, the low temperatures are a problem. There are
material, structural and developmoent considerations that dictate that the miniraum
operating temperature of the drive be maintained reasonably high. For this
reason, it is proposed that electrical energy be used to pre-heat or conditicn

the drive for operation. To minimize the amount of energy used to heat the

drive and conserve waste heat from the drive, a shield over the radiator is
?

D2-83012«1
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proposed as shown on the drawing for night-time operation.,

The mass of a complete drive system ig estimated at 22, 0 lbm (10 kg) with the

breakdown as shown in Figure 6. 3, 2,

{

1bm g

Drive Motor & Electrical . 8.3 3.8
Gear Train & Lubrication 3.5 1.6
Housing L6 0.7
Wheel Hub & Brake Drum 4.5 2.0
Radiator 2,4 1.1
Brake Assembly ' 1.7 0.8

Total 22,0 10,0

Figure €. 3.2 Wheel Drive Mechanisin Mass Summary

- D2-83012-1
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6.4 SUSP'ENSION SYSTEM

6.4.1 Introduction

A choice of suspension systems is strongly dependent on the specific vehicle
configuration under consideration, as well as the desired performance char-
”acteristics. For example, in the case of MOLARB, which atilired Ackermann-
type steering of the front wheels and articulated pivot steering of the aft unit,

it was concluded that to minimize problems associated with incorporating
steering mechanisms and t> minimize interierence with the cabin structurec,
parallel arm type suspensions would be used on the forward unit. Since these
problems did not exist with respect to the aft unit, a trailing arm tyne suspension

was considered to be most suitable for that application.

In the case of LSSM, the configuration originally selected for baseline design

(see '""Preliminary Design Study of a Lunar Local Scientific Survey Module (LSSM)'",
First Interim Report, Boeing Document D2-36072 -4, September 1965} was similar
to that of MOLAB. The suspension system for this concept consisted of parallel
arm type suspensions at the front wheels, and trailing arm suspensions for the
center axle and aft unit, In this case, trailing arms were chosen for the center
and aft axles because they were readily adaptable to the basically flat chassis-

frame structure.

As LSSM design progressed, however, the baseline configuration was altered to
utilize Ackermann steering at both the fron. znd aft unit wheels. This in turn
led to the conclusion that all the steered wieels should incorporate parallel arm
suspensions. Although the center axle wheels could still use a trailing arm sus-
pension, it was decided that in the interest of commonality and in the hope of
reducing development “ime and costs, parallel arm suspensions with torsion bar

spring element would be used throughout.

6.4.2 Reqyirémehts

General requirements established for the suspension system desien are
y g

summarized as follows:

DZ2-83012~1
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Ao,

1) Essentially the same suspension shall be used at each whecl
to achieve the greatest commonality of paris.

2) Each suspension assembly shall be c¢f the parallel arm type,
incorporating a torsion bar spring elernent.

3) A linear dash pot damper shall be used at each suspension.

LT T Y A TR S R R T T T |

Travel stops shall be incorporated in the dampver.

4) The suspension shali be designed to maximize ground clearance
and resistance to damage from ground surface obstructions.

5) Reliability, minimum weight and simplicity shail be design

objectives,

Functional design requirements were established as follows:

1) Total ve:rtical travel 10 in, (25.4) cm
2) Spring rate 15 1b/in (26 N/cm)
3) Damping rate 50 1b sec/ft (730 N sec/cm)
4) Ability to react wheel torque of 128 1b - ft }162 N-m)
5) Ability to withstand longitudinal impact load
(applied at wheel centerline) 2300 1bf (10, 400 N)
6) Ability to withstand lateral wheel load 130 1bf (578 N)
6.4.3 Description .

The parallel arm suspension assembly for the LSSM is essentially identical at
all six wheels. It consists of welded tubular steel upper and lower arms, the

damper/stop assembly and torsion bar spring element as shown in Figure 4.4, 1.

Fittings at the upper and lower edges of chassis prcvide the mount for the inner

suspension while the drive mechanism provides the attachment for the outboard
ends of the suspension., Glass {illed teflon sleeve bearings are used at the

suspension beari ng points.

R B

The two arms for the suspension arv fzbricated from 150,000 - 170, 000 psi

heat treated 4130 steel tubing 0.75 inch O.D. with 0,065 inch walls, with forged %
steel end fittings. Tubing size was determined from the design condition of fi
2,300 1bf wheel impact load.
D2-83012-1 -
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Figure 6.4.1 - Suspension Subsystem, L8SM D2.85012-1
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The torsion bar is fitted between the two chassis fittings of the upper sus-

pension arms and is of conventional design, The damper is a linear dash-pot

type using electrical heating elements to raise damper fluid temperature to the

required operating level.

The suspension is designed for a total vertical travel of 25.4 ¢m (10 in) of which

3.3 cm (1.3 in) is the upper bump stop travel and 1.27 ¢cm (0.5 in) the rebound
bump stop travel. Total jounce is 5.3 in {13.5 cm); rebound is 4.7 in.(11.9 cm).
The relative travel between the vehicle and the ground contact point is 18.1 cm
{(7.13 in) of jounce and 1672 cm (6. 37 in) of rebound. The estimated mass per

suspension assembly is 10 lbm (4.5 kg).

D2-83012-1
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6.5 STEERING SYSTEM

6.5.1 Introduction

As in thc case of the suspension system, the selection of a steering system
depends on the specific configuration and performance and functional require -

ments of the vehicle under consideration.

The baseline LSSM originally selected for preliminary design incorporated
Ackermann steering of the front wheels and articulated pivot steering of the
aft unit. This scheme was utilized because the required size of the aft unit
platform was not well-defined at that time, and articulated steering permitted
a wider platform by eliminating encroachment of the wheels on the platform
area. Furthermore, two methods of steering the front wheels were also con-
sidered at that time:

1) Individual hermetically sealed mechanisms at each of the front whecls
consisting of an electric motor driven harmonic drive assembly (similar
to the Boeing-GM DRL MOLAB).

2) An electric motor driven cross -link assembly connected to pitman
arms at the wheels. This method provided positive mechanical
synchronization of the wheel turning angles.

The choice would ultimately depend on problems of integration with the suspension,

wheel drive and chassis assemblies.

As preliminary design of the mobility systen progressed and system require -
ment became better defined, the decision was made to Ackermann steer both the
front and aft unit wheels. In addition, it was determined that it was feasible to

incorporate the mechanical cross-link assernhly both on the forward and aft units.

wr

This resulted in two essentially identical steering mechanisms, thereby potentially
reducing development time and costs. Furthermore, by interconnecting thé two
units with a flexible shaft, problems associated with the syncnronization of
individual mechanisms would be eliminated. Another important consideration

was the fact that this type of system lent itself to incorporation of a manually

actuated emergency steering capability.

D2-83012-1
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6.5.2 Design Requirements

Torque-Speed Characteristics: Torque-speed characteristics for the outputs

of the steering mechanisms were derived for four assumed steeving conditions.
All calculations were made for an assumed static coefficient of {riction of 1.0

between wheels and ground, which is the worst possible case to envision.

Condition 1: The vehicle is statiorary or moving very slewly, all wheels are in
contact with the ground, and one wheel encounters an obstacle it cannct negotiate.
The assumption is mede that the vehicle will pivot ab out its center of gravity
when sufficient torque is generated at the steered wheel to overcome the total

resisting force of the vehicle.

For this condition it was determined that the steering torque required at the

wheel would be 260 lb-ft (352 N-m) at 0.6 degrees/sec (0.1 rpgm).

Condition 2: The vehicle is stationary and all wheels are in contact on level

ground. In this case the torque is that required to rotate a deflected wheel,

Steering torque was determined to be 20 1b-ft. (27 N-m) at a stecring rate of

6 degrees/sec (1.0 rpm).

Condition 3: This condition is the same as (2} ahove, except that the torque was
determined for a steering speed of 15 degrees/sec (2.5 rpm). Furtherraore, an
assurned equivalent sliding coefficient of {friction of 0,63 was used in place cf the

static coefficient of 1.0.
The torque requirement for this case was calculated to be 12 lb~ft. (14 N-m).

Condition 4: This condition was established to detcrmine the maximum resisting

torque which the steering mechanism must be able to develop.

This was determined to be 407 lb-ft, {552 N-m) for an assumed dynamic longi-

tudinal load input through the wheel centerline.
' D2e83012«1
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Geometric Characteristics: Other important rcquirernents established for the

steering syster%ffn%nimum turning radius consistent with vehicle geometry, and
synchronization of steered wheel angles to maintain a common center of ro-
tation at all times. The maximum angle was determined to be 25 degrees,
which would result in 2 wall-to-wall turning radius of about 19.0 ft. (6.1 m).
The required angular relationships between the steered wheels are shown in

Figures 6.5.1 and 6.5.2.

6.5.3 Steering System Description

Steering Mechanism: The proposed design is shown in the drawing of Figure

6.5.3. The 3ystem consists of two electric motor-powered units, one steering
the forward se* of wheels, the other steering the wheels of the aft unit. The

concept is similar to that of conventional automotive Ackermann steering.

Each steering actuator assembly consists of a cross-link assembly, housing,
connecting links to the wheels, ball-nut input, motor assembly with a spiroid
gear output anda‘a. flexible drive shaft interconnecting and synchronizing forward
and aft steering actuators. The short stroke of these linear actuators makes
hermetic sealing with conventional bellows feasible with no significant weight
penalty. In addition, there is provision for a manual emergency steering input

for the forward unit actuator. Overall reduction of tae mechanism is approxi-

mately 1250:1; 33:1 at the ball screw and 38: 1 from the spiroid gear and pinion.

Each actuator can deveiop a maximum thrust of 7,450 N (1675 bf), a maximum
rate of travel of 2.7 cm/sec (1.08 inches/sec) and total stroke of 5.6 cm (2.2
inches). The complete steering system weighs approximately 15.5 kg (34.0 lbm)

of which 2.2 kg (4.8 lbm) is associated with the emergency steering mode.

The emergency mode of operation is designed to> operate independently of the
actuator mechanism and thereby remain operative in case of complete freeze-up
of the intcrnal parts of the actuator. This is accomplished by releasing the
locks that retain the housing so that the housing becomes the cross-link regard-
less of the position the internal cross-link is in when it becomes inoperative.
D2-83012-1
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Steeriny Motor and Controls: The electric motor for each actuator is rated at

about 30 watts output. The motor output characteristics are shown in Figure

B
it
B3
3
b
i =
Bi

6.5.4. These characteristics are representative of 2 Globe Industries type BL

dc motor or equivalent.

Steering control could be either by an open or closed loop system. The open \
loop system is simpler in terms of circuitry, but steering control is more
precise for the closed loop method. The choice of system might depend on
human factors considerations or the requirement for remote operation of the '

vehicle. ' ' Pl

An example of an open loop steering system is shown in Figure 6.5.5. Two

permanent magnet motors are used to provide simple reversirg and dynamic

Ao T 2 e

braking oneration. A turn is made by moving the steering contrcl handle in the

direction of the desired turn. A clock-wise tilt closes switch Sl and relay K1

becomes energized. Current flows thru speed control rheostat Rl into the motor

e e T 3 e
el

BT &

armature and the motors turn tc produce a clockwise turn. When the desired

turning angle ic achieved the steering control lever is returned to its neutral -

s s

position and the steering mechanism remains tarned in the desired angle. The
tilt angle of the control lever determines the turning rate by adjusting the speed ‘

rheostats.

Synchronization of the two motors is maintained by a flexible shaft which mech-

T

PRSI

anically couples the motor shafts (thru reouction gears) to each other. Mechanica

O

coupling also provides for sharing the steering load between the two motors.

The steering mechanism can be either directly coupled to motor shafts or thru

erenhian © v ek b D AL 2

e S e o Py

clutches. Use of clutches, such as magnetic particle clutches, would reduce the

inotorStarting currents considerably by delaying application of the load until the

motors are up to speed.

O PP

-

Figure 6.5.6 shows the circuit for a closed loop system employing series field ‘

K
‘,
\r,‘
i

L
-
¥
24
i

2

i

1
2
]

5

;

iine

motors and magnetic particle clutches for coupling the motors to the steering

mechanism. In this system movement of the steering mechanism follows the
D2.83012-1
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Figure 6.5.5 - LSSM Steering - Open Loop
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This emergency input is a rack and pinicn driven by a rachet handle.

(

A detailed analysis was made of the steering mechanism from the points-of-view of
loads, velocities and speed - torque requivements. The major results are

summarized ir the paragraphs following.

It was determined that the ball screw must be capable of handling a maximum
static load of 1700 1bf and operational loads up to 2200 1bf. For the method of
loading employéd, the ball screw which meets the sizing requirements is type
0375-1875. The minimum required nut length is determined by the static load
per turn of balls and the lead of tread. In this case the static limmit per ball turn
for the screw is 720 1bf. Assuming the ball nut has five complete turns, the
maximum static capacity of the ball nut would be 3600 1bf which provides a
safety factor of 2.2. For an operating load of 2200 1bf the expected life of the
screw is 60,000 cycles. The mirimum length of the ball nut to carry the oper-
ational and static loads is 1.5 inches. It should zlsc be noted that the screw

speed falls well within the maximum safe speed.

The selection of the spiroid gear for this application was based upon its reduction
ratio and capability to meet the torque requirements. The spiroid selected has

the following characteristics:

o Reduction‘ ratio 38:1

o Center distance 0.5 inches

o Pinion O.D, 0. 456 inches

o Futl depth 0.075 inches

o Nominal torque 100 1b-in,

o HP out at 1750 rpm 0.038 HP e
o HP in at !75C rpm 0.067 HP

Based on spiroid gear tables, the above power characteriatics provide & factor
of safety of 1.4 for the maximum output torque condition, and 2.4 at the maximum

input speed condition. The efficiency of this gear pass is estimated at 58%.

D2-83012-~1
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movement of the steering control lever. The steering control lever is

directly coupled to the command pots Rl and RZ while the steering mechanisms

are coupled to the follow-up pots R3 and R4. Twoc Wheatstone bridges are formed

'by pots Rl and RZ and by pots R3 and R4. Movement of the steering control

causes an unbalance in the bridge. The unbalance is detected by polar relays |
Kl and K2 which energize the magnetic particle clutches to cause the steering

mechanism to move in the direction which will electrically balance the bridge.

Synchronization is maintained by coupling the command pots together. An

optional flexible shaft provides for sharing the load.

A current relay in the motor armature circui prevents application of the load
until the motors are up to speed and also disengages the motor if an overload
develops. Limit switches are placed in the clutch circuits. The dual control
circuitry permits independent operation of either the aft or forward steering

mechanism.
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6. 6 CHASSIS -FRAME ASSEMBLY

~6.6.1 Introduction

[ —
i N

S~

The conceptual design of the LSSM chassis-frame assembly was guided by the

following general considerations: %
o Structural simplicity consistent with the semi-flexible frame ‘z;
concept. ﬁ

o Provide an integrated mobility subsystem to minimize interface

problems with other vehicle systems,

o Provide maximum flexibility for adaptation to other vehicle

ST M TR TG G

systen.s such as crew station, scientific equipment, etc.

While space frames and other chassis types were studied conceptually, the above

-1

o

considerations led to a chassis-frame concept based on flat box structures.

6. 6.2 Requirements

The generai requirements established for the chassis-frame assembly are 4
surmmarized as follows: . 7
1) A flat top surfaée ghall be maintained,
2) Load paths for the stowage and deployment modes shall be inte-
| grated into the structure.
3) Superficial or secondary siructure shall be uged to provide

additional payload platform area or mounting points for equip-

ment, ¢
4) Extension of the aft unit and flexible frame shall require minimum

effort on the part of the astronaut, \-%
5) The chassis shall provide a basis for a complete integrated ;

mobility system,
6) High reliability, low weight and simplicity shall be primary v

design objectives, .

D2-83012-1
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6. 6.3 Description

The LSSM chassis-frame assembly consists of the following major components

(see Figure 6, 6. 1):

o Forward unit frame assembly
o Aft unit frame assembly
o Flexible frame assembly

Chassis-Frame: Both the forward and aft chassis-frame units are load carrying \

box structures on which appropriate fittings are located for the suspension, flexi- {

ble frame assembly, crew station, thermal compartment and stowage attachments,

Two main structural members near the center of both boxes provide the main

load path., These two members also provide the track support for retracting

the flexible frame for stowage on the LEM/Shelter., For all practical purposes,

the stowage loads determined the size and weight of the chassis memkters, Attached
to this prime chassis structure will be secondary structure configured as required

to support the scientific payload.

The two units are fabricated from extruded angles and tees, skin covered into
a box beam configuration. The material of the box beam consists of 7075-T6
aluminum alloy sheet and extrusions. The forward unit, 113 cm (44.5 in) wide,
218 ¢m (86 in) long.and 10. 2 cm (4 in) deep, has continuous longitudinal cap
members and vertical webs, Lateral members are spaced at approximately 14
inch intervais. The upper and lower skins are . 127 cm (. 050 in) thick and all
vertical webs are ., 102 cm (. 040 in}). The aft unit, 113 cm (44. 5 in) wide,

50,8 cm (20 in) long and 10,2 cm (4 in) deep, has continuous lateral and longi-
tudinal cap members, The upper and low skins are 0.127 c¢m {. 050 in) thick,
as are the internal vertical webs. The external vertical webs are 0.102 cm

(. 040 in) thick.

In the stowed poaition the forward and aft units are attached together at the

longitudinal vertical webs by fittings which carry the bending moments due
D2-83012a1
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to Load Condition 6, as defined in Bocing letter 2-4466-00-115, "LSSM Tie-

N

TR NIRRT RS ¥

Down Requirements', dated 23 December 1965, This condition imposes an accel -

[

2
eration vector in the Y-Z plane of + 258 ft/sec and a rotation acceleration about

o

2
any axis in the Y-Z plane of + 14 rad/sec . If these uttached fittings were only

PRCREIENS S0k S A Y

s My

used at the internal longitudinal cap members, they would increase in size appre-

S

ciably, therefore, a weight saving is realized by providing fittings at four

e

locations,

Rt oan

(LT SRy

Flexible Frame Assembly: The flexible frame installation consists of the flexi-

ble frame, pitch limiter, and the retraction mechanisms.

T .. ——— o | e
IETEN RV

The spring members of the flexible frame are eight 6A1.4V2Co Titanium tubes,
0. 625 inch O, D. with a 0, 40 inch wall. The tuves are welded to sheet metal

box structure cross members at either end. The flexible frame provides for

relative displacement between forward and aft units of + 30 degrees in roll and

+ 15 drgrees in pitch (lirnited by a pitch limiter).

S A YoEEL e & Son et 2 I TR O SHION AP D TIY et

L

The pitch limiter is a telescoping cylinder with 1 12.7 cm (+ 5 in) of travel,

It incorporates springs to cushion the travel against the stops and is expected
to> provide a certain degree of damping through use of a high viscosity silicone

grease (NASA Technical Brief #65-10144),

For stowage on the LEM/Shelter, the overall length of the LSSM is reduced ,
by sliding the flexible fraiane into the forwvard unit structure. For deployment

on the lunar surface, the flexible frame is moved aft and secured ir. place.

The flexible frame rides on rollers in a track fitted to the two main chassis
members of the forward unit, Upon release of the fastening devices that lock
the forward and aft units together for stowage, vehicle power can be used to

separate the two units. As the frame travels ait, rins in the ends of cross f

D2-83012-1
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members of the {lexible frame engage a ramp into a blind slot to stop frame
travel. These pins in the frame are then trapped in the slot by applying a force

on the enlarged head of the locking pin (this may be done by the astronaut's

foot). This force shears a low strength retraining washer. The end of the pin

that locks the elastic frame in place is tapered to wedge the frame into its seat,

Estimated Mass: The estimated mass break?own for the complete chassis-frame

ht

assembly is given in Figure 6. 6, 2.

I

,1
i
:
k|
i
3
;
i
5
|
i

Kg Lbm ¢

Forward Unit 39.3 86.5 %
Aft Uait : 28.2 62. 1 &
Pitch Limiter 1.7 3.9 i
Flexible Frame _ 2.9 6.5 i,

Total 72.1 159, 0 F

¢

{4

Ny
'y

Figure 6. 6,2 Chassis-Frame Breakdown
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6.7 ELECTRIC DRIVE SYSTEM

6.7.1 Introduction

This section describes the preliminary des ign of an electric drive system for
LSSM propulsion. Based on information gathered and results of the MOLAB

study, laboratory tests, and design analyses, an electric drive system has been
def{ined that will perform the LSSM propulsion functions. 7The basic system is one
that can benefit from advances in materials and circuit technology and can be scaled

up or down for various size lunar vehicles.

Figure 6.7.1 depicts the major elements of the LSSM electric drive system. The
blocks indicated by dotted lines are not considered part of the clectric drive sy~tem
for purposes of this study. Power handling elements are the distribution cables and
circuit breakers, the power conditioner semiconductor switches, and the drive
motors. The information handling elements are the motor speed sensors, signal

cabhles and power conditioner control circuits.
Squirrel-cage induction motors are used to supply propulsion power tc the wheels.
Torque and speed are varied by controlling motor frequency, slip and current b

y B y F

means of transistor current centrol inverters.

6.7.2 Systern Requirements

The following define the requirements for the LSSM drive system:
o Capable of day or night operation in the lunar environment.
o High system reliability (including voltage controllers, inverters, brakes,
cables, circuit breakers, and motors)
o Maximum locomotion efficiency. In terms of wheel control this means that:
1. Each wheel should be individually powered.
2. For constant input voltage the torque of each drive motor
should increcase as whecel speed decreases.
'3. Tre speed of an individual wheel should remain clese to the

average speed of the other wheels when contact with the ground

is lost.
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4. Torques at the outside wheels should equal the torques at the
inside wheels when the vehicle is turning.

5. Average torque of the wheels on each side of the vehicle should
not be significantly reduced because of differences in wheel
speeds due to terrain siope variations, unequal wheel diameters,
or unequal wheel loadings.

o Capable of reveraing,

o Failure of a single major component or system should not abort the mission.

o Maintenance capability preferred.

o Ability to electrically and mechanically isolate any drive motor and to skid
steer the vehicle for emerpgency modes of operation.

o Gear shifting not desirable.

o Dynamic braking not necessary.

o Peak electric drive efficiency of 70% or greater (excluding gear box).

¢ Maximum steady state power demand | kw or lower.

In additicn, it is preferred that the drive motors be cooled by direct radiation to
space rather than by circulating fluids. Temperature control for the logic circuits
and power switches shcould be accomplished by transierring heat from the semi-

conductors to phase-change materials or circulating f{luids.

Required motor torvuc as a function of ghaft speed is plotted in Figure 6.7.2. Motor
output power versus shaft speed is shown in Figure 6.7.3. A plot of wheel velocity
correction factors versus outside Ackermann steering angle for the LSSM is shown in
Figure 6.7.4. Wheel differential speed information is rcquired so that the proper
voltages can be supplied to the inside - and ocutside - svheel motors to maintain equal

wheel torquea when the vehicle i3 turning.
A 56 VDC battery system will provide energy for the electric drive system.

6.7.3 Drive Syatem Configurations Corsidered

Preliminary conceptual denigng cof candidate electric drive systems were prepared
in sufficient detail to enzble estimates to be made of weight, size, efficiency,
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performance characteristics. development time, and reliability.

Three types of electric drive designs -- d-c series motor, induction motor, and

synchrenous motor -- vvere evaluated and compared. This analysis resulted in

e e o .

g

the selection of the induction rnotor system as most suitable for LSSM application.

PRI

In addition, trade-off analyses were made to permit optimizing the selected drive
system. A preliminary design of the selected LSSM electric drive system was

then performed and functional specifications prepared.

During the course of the study a thermal analysic was made for severzl motor con-
figurations. The conclusions reached were that the motor for the selected drive system

would not require major technological advances. Motor temperatures will be low

enough to permit the use of state-of-the-art magnetic materials, conductors, in-
sultion systerns, bearings, and motor design practice. If it is desired to have the i
motor opzrate unscaled in the vacuum environment for long pariods of time, a

prorram will be requiresd for the developmant of low friction lubric -nte that will

. -13
insure long bearing life at pressures of 10 inm Hg.

Cornclusions of the reliability study were that a-c electric drive systems can be

developed that have greater reliabilities than d-c drive systems. Ina d-c system,

foilure is most likely to cccur in the commutator, with a resultant loss of wheel -
traction. In an a-c system, failure is most likely to occur in the static inverter.
Since inverters can be maintained or made redundant, reliability can be increased

to a value not achievable by in-wheel commutators.

A block diagram of an induction motor drive system is shown in Figure 6.7.5. The
power train components arethe d-¢ power souvce, the inverter-modulator, and the
three-phase induction motor. The sensing and control components are the motor
shaft digital tachometers, the frequency control circuits, and the current contrél

circuits.
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By substituting a thrce-phase synchronous motor for the induction motor and

operating at zero slip, one could achieve an adequate drive system that may offer
somewhat different functional capabilities than the irducticn motor system. As
an example, dynamic braking can be achieved with less complexity with a synchro-

nous motor than with an induction motor,

Inverter-driven synchronous motor systems werc eliminated {rom final consideration

in this study primarily bzcause nf insufficient design infoimstion that would permit a

meaningful comnparison with induction motor designs.

Preliminary examination indicated that a double air gap synchronous motor would
be heavier and lebss efficient than a squirrel-cage induction motor for the LSSM
application. A synchronous motor drive system requires six inverter-modulator
controllers (one per wheel). For an induction motor drive system two control

schemes can be considered: either a two - or a six-inverter system.

Figure 6.7.6 illustrates a LSSM eleciric drive configuration in which two inverters
are used, each energizing three induction motors on one side of the vehicle. There
are Lasically two separate drive systems operating from a common powecr source.
The left and right power trains are each controlled by the driver command signals.
When the vehicle is turning, torque of the outside whecls can be made equal to the
torque of the inside wheels by increasing the voltage of the outside motors relative
to the inside motor voltages. Skid steering as an emergency mode of steering can be

accomplished by reversing the motors on one side of the vehicle.

In the two-inverter drive sysiem the average wheel soeed on each side carn be used to
determine the inverter frequency. With this system large differences in wheel
gpeed can cause ona of the motors to "pull out' and thereby reduce the total output
torque of the drive system. The curves shown in Figure 6.7.7 indicate maximum
wheel speed differences allowed as a functicn of vchicle speed for two values of
induction motor slip frequency. For example, at 2 inph the curves show that the

wheel speed difference number can be 0.225 at a motor electrical slip of 10 cps.,
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As 1ong as the wheel speed differenc2 number is less than 0.225, the vehicle will

be able to develop maximum tractive effort. If this value is exceeded, the available

tractive effort will be reduced to some extent.

The wheel speed difference number is defined as:

WD = fastest wheel speed - slowest wheel speed
average wheel speed

It appears that two inverter drive systems can be designed in which vehicie mobility

is not significantly compromised. In a six inverter drive system, wheel speed
differences are less restricted and vehicle mobility may be somewhat greater
under some conditions, but actual tests of the two systems on a common vehicle
would be required before the superiority of one system over the other could be
established quantitatively. A schematic drawing cf a six-inverter drive system is

shown in Figure 6.7.8,
The two-inverter system is preferred for LSSM for the following reasons:

(1) Less complexity
(2) Lighter weight

However, system reliability and mobility requirements might dictate the use of a
six-inverter system. This system appears to offer:
(1) Somewhat high~r mobility capabilities.
(2) Higher reliability. (In the two-inverter system, if a
redundant inverter is not provided, systern reliability is

less than that of a six-inverter system.)

6.7.4 LSSM Drive Motor Discussion

Every dynamo -electric machine has two electric circuits linked with a magretic
circuit. The function of one of the electric circuits is to serve as a source of

magnetomotive force whereby magnetic {flux is produced in the magnetic circuit.
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The function of the other circuit is to serve as a seat of energy exchange between
mechanical and electrical energy. A synchronous moter has a direct current in
the field winding and alternating current in the armature winding. An induction

motor has alternating current in both windings.

Output power of an induction motor depends upon the volume of iron and copper in
the motor. The volume can be expressed as DZL where D is the outside diameter
of the stator laminations and L is the length of the lamination stack. For a given
voltage, frequency, and slip, the torque that a motor can produce is approximately

. 2
equal to a constant times D L.

‘The required efficiency and cooling method, in addition to the required torque, will
directly affect the weiglt of the motor. For traction applications, the torque re-
quirement is generally defined by a torque versus speed curve and a problem arises

in matching the inherent torque-speed characteristics of the motor to the requirements.

The torque capabilities of an induction motor under three conditions are cf interest:

starting torque, maximum torque, and running torque.

The starting torque of an induction motor can be expressed as follows:

2

kE r

= 2
start 7 . > . - >
2 2
= rotor induced voltage at standstill (volts)
where EZ

r, = rotor winding resistance (ol.ms)
x, = rotor winding reactance at standstill (ohms)

f = s*ator frequency

k = constant

Examination of this expression reveals how starting torque varies as a function of

frequency. Assume that the stator current is held constant as frequency f is variced.
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When f = 0, no secondary voltage is induced and torque is zero. As frequency is
iﬁcreasad. EZ increases and torque increases until a peak is reached. After peaking,
torque varies approximately inversely with frequency until rotor reactance becomes
significant., Curves of starting tcrque vs. frequency are shown in Figure 6.7.9 (a)
for various values of stator current, 2 ‘

[ xE

The rnaximum torque of an induction motor Tma.x = . Fora

censtant applied motor voltage, the maximum torque varies approximately inversely
with the square of the frequency. Variations in rz, the rotor resristance, do not
change the value of the maximum torque, but do affect the slip frequen cy at which

it occurs. This fact is important when one inverter is used to energize more than
one motor in the LSSM system. Maximum torque is independent of rotor resistance
and slip. Figure 6.7.9 (b) shows curves of maximum torque vs. motor speed.

2
th:se high torjues would he oversized but still just capable of producing the required

Curve | results when E_ is held constant at a high value; a2 motor capable of producing

torgue at maximum speed. Curve 2 is obtained by increasing E? as speed is increased;
a lighter weight motor could be designed to do this job and still exceed the vehicle

requirements indicated by Curve 3.

Figure 6.7.9 (c) shows motor torque versus slip for constant input voltage and
frequency. The curve shows clcarly that the amount of running torque is dependent

upon the slip 8. Slip s is defined as Af . The termn Af is called the slip frequency

and is equal tn the dif{ference between 1‘. the stator frequency, and fr, the rotor
rotational frequency. Frequency of the current flowing through the rotor bars of the
squirrel cage motor is Af. When slip is very small

k' E 2

T = 2 ' g
{
T2

and torque varies directly with slip and inversely ae secondary resistance.
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Figure b, 7, 9- Induction Motor Characteristics
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Substituting s = Af changes the expression for running torque to

Ifaf and EZ are constant, the running torque varies inversely with the square of

the frequency. However, the following expression for runming torque in terms

of rotor current can be derived.

T = _l_c_o IZ

Af

If I2 and Af are kept constant then the running torque is constant and independent

cf frequency or shaft speed as shown in Figure 6.7.9 (d). Changing the rotor slip
frequency not only varies the rotor torque but also varies the heat dissipated in the

conductors of the rotor.

The copper power loss of the rotor

) Ty Pyl

1-s
p [ Af
Z[ffAf]

where Pz is the mechanical powear output of the motor shaft. For small values of

8lip the heat generated by the rotor bars is approxim ately proporational to the slip

(5
¢}
[}

frequency.

Heat generated in the roter of lunar vehicle traction motors must be carefully con-~
sidered because the primary mode of heat transfer will be by conduction through the
shaft and bearings into the housing. The magnitude of the heat generated in an LSSM

drive motor as a function of speed is shown in Figure 6.7.10.
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Calculations were made for maximum vehicle loading and for two values of slip
frequency: 5 and 10 c'ps. For 5 cps slip, maximum steady state IZ Zrz losses
are about 13 watts at a speed of 650 rpm . At the same speed the losses at 10 cps

slip frequency would reach about 33 watts.

6.7.5 Preliminary Motor Design

The experience gained with MOLAB and MTA facilitated the preliminary design of
the LSSM drive motors. The design was subject to the following ground rules:
o The torque-speed requirements of the motor are as shown in Figure 6, 7, 2.
For a maximum motor speed of 12,000 rpm, a gear reduction of about 130:1
is required. A gear reduction efficiency of 75% is assumed. The maximum
continuous duty torque is 0.69 ft. 1b. at 650 motor rpm, and the maximum

intermittent duty torque is 1,22 ft, 1b. at 260 rpm.

o The vehicle is powered by six variable-speed squirrel-cage induction-type
motors with controlled slip frequency. The volume of each motor must be
contained within a diameter of 5 inches and a length of 4 inches. The motors

are passively cooled. The motor case design temperature shall not exceed

440°K,
o The voltage source is 56 vdc.

The basic dimensions of the LSSM motor were determined from the DZL of the motor
used for the GM DRL MTA. For a given flux and ampere loading, which are determined
by the magnetic saturation and cooling capability of the machine, the value DZL
essentially defines the torque rating of the motor at a given applied frequency. Figure

6. 7. 11 lists the pertinent scaling informa. o>n,

D2-830121
Page 6-74




Figure 6, 7. 11 - Motor Scaling Factor DL for LSSM, MTA

_Maximum Contir‘mous~ P‘ut}-:l‘orque DZL
‘ i
(ft. Ib.) @ cps (in3)
MTA 2,00 20.0 18. 4
LSSM 0.69 25.0 | 5.2

To determine the sensitivity of motor efficiency and performance on weight and

2
size, three basic designs were considered with D L values of 5,76, 5.10 and
4.20, respectively. The designs were designated A, B and C and dimensions and

weights determined

Motor Designation : A_ B Cc

Stator OD (exclusive cf housing) (inches) 4.10 3.70 3.30
Stack Length (inches) 1.0 1.15 I.15
Weight (active material only) (lbs.) 4.0 3.70 2.95

Performance calculations were programmed on a digital computer, taking into
account all first order effects such as stray losses, magnetizing iron losses,
magnetic saturation, etc. Results of the computer analysis indicate the performance

of the motors at any required operating point.

Motor performance for various torque-speed pointcs over the entire speed range are
shown in Figures 6.7.12 to 6.7.14. Figures 6.7.12 and 6.7.13 show the required
input voltages and currents of the three motor designs as a function of motor speed.
The calculations were made for maximum vehicle loading. Motor design A, the
largest, requires the highest line current and lowest line to neutral voltage because

it offers the lowest impedance to the power source. If a higher motor voltage and

lower current is desirable higher motor impedance can be obtained by increasing

the stator turns.
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MOTOR LINE TO NEUTRAL VOLTAGE (voits rms)

COMPARISON CF THREE MOTOR DESIGNS
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MOTORS LOADED AS FOLLOWS:

165 watts AT 12,000 rpm
97 watts AT 5,200 rpm
71 watts AT 1,300 rpm
57 watts AT 585 rp™
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— However, motor design A is 20% higher in efficiency than design C at low speeds as

shown by the curves of efficiency vs. speed in Figure 6.7.14a. These curves will

0 ,ji":"!_ﬂ.

BT Elwk

help establish the motor weight, fuel consumption, and system weight relationships

T

for planned vehicle missions.

.y
S ek

In the LSSM application, programming the slip frequency is required to permit

S T i

P
L Py

opecration of the induction motors at optimum efficiency at various vehicle speeds.

Figure 6.7.145 shows the desired slip frequencies for designs A, B and C as a

function of motor speed.

At maximum torque the motors draw the highest currents. However, since torque B «
. . 2 . . . ;
is equal to a constant times I2 » for a given torgue motor current can be varied by 'f

Al

changing the slip frequency. Figure 6.7.15 indicates the sensitivity of motor line

e

i a SR
1Y i Y b ‘

current to changes in slip frequency for the three motor designs with a load torque

of 1.22 ft-Ib. Motor design A produces this torque at a minimum current of 11.4

FISTT I R

amps rms and a slip frequency of 4.7 cps. It is important to imminimize the motor line

current for this operating condition to minimizec the required rating of the modulator-

e

inverter power transistors.

f

For the peak torque condition, Figure 6.7.16 indicates how motor efficiency varies

as a function of slip frequency.

Figure 6, 7.17indicates efficiency and power losses for the three motor designs for
various load conditions. The maximum losses were used to determine the required
cooling radiator weight as shown in Figure 6.7.18. Motor design A requires the
lightest radiator to maintain the case at a maximum temperature of 440°K. (The
following assumptions were made in determining the radiator weight: lunar surface
temparature 4060K; radiator emissivity 0.7; absorptivity 0. 3; view factor to the

moon 0.5.)
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On the basis of efficiency and radiator size motor design A was selected for the
LS5SSM traction application. Total motor weight including radiator will be approxi-
mately 3.6 kg (8 Ib.). Maximum motor efficieacy will be about 73%. Figure6-7.19

shows approximate dimensions of the motor.

6.7.6 Power Cornditioning Circuit

The power gwitch portion of the ISSM electric drive system consists of a relatively
simple three-phase transistor inverter that alse functions as the current controller
for the motors. Figure 6.7.20 shows a schematic diagram of the inverter-modulator,
a motor load, and blocks indicating the logic and drivirg circuits. In the LSSM

drive it is preferred that three motors on one side be energized by one inverter-
modulator. The present status of the «olid state control art indicates that this
scheme is less complex and lighter in weight than nsing individual inverters for

each motor. However, new control ccncepts and changes in methods of fabricating

transistor power switches could result in a preference for a six inverter drive systera.

All transistors in the inverter-meodulater function as programmed switches to convert
the d-c battery power to three-phase a-c power. Conduction times of the transistors
are determined by the output of the ring counter circuit. Currernt contro! is accom-
plished by pulsing the conducting transistor Q'al or Q'b or Q'c through the appropriate
AND circuit. The diodes connected across the power transistors serve to maintain
mmotor current flow due to energy stored in the inductances of the motors between

transistor conduction pulacs.

Mator torque is controiled by turning 2 potentiometer that controls the pulse width of
a simple pulse modulator circuit. Motion of the vehicle is reversed simply by inter-

changing two of the three output leads to the inverter.

The power switch transisturs must be capable of supperting the highest possible system
voltage and of sewilching the highest required motor currents. High derating factors
will ingure Righ reliability. For example: The propulsion power source voltage will
be vu vdc; the transistors might be rated at 200 volts across the collector and emitter
er Digher. Tha hichest expected psak current may be 24 amperes; the transistors
mighi he rated at 76 amperes or higher, D2~23012-)
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~— Figure 6.7.2! illustrates the input and output current waveforms of the power con-

ditioner circuits, The d-c input current Idc consists of a series of pulses, the

magnetude of which is a function of motor speed and the width of which depends

upon the required motor‘torque. The a~c output current I is a stepped waveform

1
with saw tooth tops and bottoms., Frequency of the output currernt is determined b y

the motor speed and magnitude i3 determined by the required motor torque.

If an average reading ammeter were inserted in the d-c current line of Figure
6.7.21, it would read the average battery current drawn by the electric drive.
Figure 6.7.22 illus‘rates the average battery current drawn per LSSM drive motor
as a function of motor speed for maximum vehicle loading. An a-c ammeter inserted
in one of the motor lines would reagl rms line current. A plot of line current vs

motor speed for maximum vehicle loading is shown in Figure 6.7.13..

In addition to derating, operating the transistors and diodes of the power conditioning
circuits at low junction temperatures will ‘a),so enhance the drive system reliability.
Heat generated in the transistors and shunting dicdes is primarily due to conduction
losses. A plot of inverter -modulator losses per motor is shown in Figure 6.7.23,
Maximum non-intermittent power losses in the inverter are about 12 watts per motor
or 36 watts for three motors; this condition occurs when a fully loaded LSSM is
climbing a 35 slope. Temperature rise of the semiconductor junctions will be
maximum for this condition - which will occur during less than one percent of the

mission life of the vehicle.

Heat from the power semiccaductors will be conducted to a phase-change material
heat exchanger that may utilize Techrical Eicosan or polyethylene glycol, Power
dissipation of each transistor for the above conditions will be about 5 watts, If the
junction to case thermal resistance is loK/watt the junction temperature will be
about 5 K above the temperature of the phase -change material. A possible packaging

arrangement for the inverter-modulatcr is shown in Figure 6.7.24.

~— 56.7.8 System Power Consumption and Etficiency

LSSM electric drive power consumption per motor ag a function of motor speed is

PG WA

shown in Figure 6.7.25. Since the vehicle has six motorized wheels, total power
D2-82012-1
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consumption will be six times that shown on the curve. Maximum steady state

power of about 900 watts will be required at speeds of 650 rpm and 12,000 rpm

for maximum vehicle loading.

R TR e

The efficiency of the LSSM electric drive systern as a function of motor speed e
is shown in Figure 6.7.26, Conditions for which the efficiency was calculated

are a 56 volt dc power source and maximum vehicle loading.

Total inverter and motor losses were included in the calculations. The drop

in efficiency at the high speeds is due primarily to bearing friction losses.

o

LR AT

Measurements of the efficiency of the MTA drive system closely approximate

Lol

the calculated efficiency of the LSSM electric drive.

B ML

PRI T 1Y N

6.7.9 Reliability Discussion

OXRE PN

£
[15
t
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o
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Analysis of the failure modes of an electric drive wheel operating on the lunar

.

surface indicates that a wheel assembly utilizing an a-c motor will be more

<

reliable than one using a d-c motor. The commutator of a d-c motor requires

a gaseoas environment at a pressure greater than 5 mm Hg, must be operated

o . .
at temperatures below 470 K, limits the maximura speed of the armature to

L B TP

several thousand rpm below induction motur speeds and generates heat due to

ek

mechanical {friction and electrical resistance. Scant information is available on

i

commutator reliability when operated at relatively high temperatures in sealed

NP2 R

e N e g ey T

Ny
e 2+

enclosures. DBecause of the large effort going into making semiconductor switches

reliable devices, much more data and experience that enables one to pre-

o

dict the probable reliability of a well designed inverter system.

SARANCE R P

PR

Failure rate studier of electric machines conducted in the past indicate that for

oy =

Samesta Lol

all possible uses, operating conditions, and abuses, the failure rate of d-c machines i

is two to three times the failure rate of a-¢ machines. If attempts are made to

Tt s ey
. NICAPPRES

s

design equivalent weight d-c or a-¢c machines, there appcars to be an inhzrent

failure rate penalty associated with d-c machines. Reliability studies have

P e T

indicated that an a-c drive system can be designed with a reliability equal to or

higher than that of a d—c cystem. Of major importance is the fact that the a-c

v s BB T

1

motor power wheel will have a much greater reliability than the d-¢c motor powered
D2-83012-1
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wheel. The reasons are as follows:

~ (1) Heat dissipation caused by commutation is eliminated from

the wheel.

R RO R RN AT P D

(2) The rotor of the a-c machine can be a nearly solid structure
compared to a wire wound d-c rotor.

{3) Wheel assembly weight is less because of the higher a-c motor

R7-o ke SNROAAAL e iy

speeds and removal of commutator and brushes.

(4) The a-c motor can continue to operate even though the motor
enclegure is broken and the gaseous environment is lose. Heat
transfer analysis shows an a-c drive motor mounted in the LSSM ;
w! eel will operate even in the vacuum environment. Life of the
drive mec hanism will bé limited by the bearing and gear lubri-
cants. But since dry lubricants can be used, 100 to 200 hours
operation may be obtainable after the bearing seal is broken.

(5) A d-c drive motor system will require a one-or twb -step gear

shift if the efficiency of an a-c drive system is to be approached.

TR

This gear shift would be located in the wheel and would reduce

drive mechanism reliability,

Therefore, the actual reliability of the wheel assembly of the a-c system is

TR

significantly superior to that of the d-c system. A failure in the d-c drive
system is most likely to occur in the commutator -brush assembly, a place
where maintenance is difficult to perform and where redundancy cannct easily be

provided. A failure in the a-c drive system it most likely tn occur in the inverter.

The inverter can be located where maintenance tasks can be performed. Re-

dundant inverters can also be used.

Highest transistor current stress occurs at wheel speeds of from 2 to 5 rpm when
the vehicle is obstacle climbing or climbing 35° slopes. High=st junction témper-
atures occur at nearly the saine speeds. An analysis of the LSSM probable mission
indicates that peak currents are required lese than ! percent of the time. For

about 45 percent of the mission time current demand per motor will range from

Y

— 2 to 4+ amperes. No current is required for almost 24 percent of the time due to
D2+83012-1
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vehicle movement from higher to Jower elevations.

"5.7.10 LSSM Electric Drive System Summary

Electric drive system performance characteristics, power losses and majer
component weights have been discussed. In addition, methods of drive motor

control have been presented. Motor and power switch specifications were given.

In brief: The electric drive system will produce a peak torque of 1.22 ft-1b
(1.65 N-m) at a wheel speed of 2 rpm, a maximum continuous duty torque of

© 0.69 ft-1b (0.93 N-m) at 5 rpm, and 0.06 ft-1b. (0.08N-m!} at the maximum wheel

speed of 92 rpm. This latter speed represents a vehicle velocity of approximatel .-

16 km/hr (10 mph).

Maximum steady-state input power will be approximately 900 watts at a wheel
speed of 5 pm ard at a vehicle speed of 16 km/hr for maximum vehicle loading.
Maximum drive efficiency will be about 75% at 10 km/hr. Each drive motor will
weigh about 3.6 kg (8 1b} including the heat radiator. Total weight of the power
conditioning equipment and electronic control circuitry will be approximately

14 kg (30. 8 1b) exclusing the phase -change heat exchanger,circuit breakers and

connecting cables. -

- ' D2-83012-1
Page 6-95

L
A e e s

oo

LR s ETT




7.0 LSSM MOBILITY SYSTEM SPECIFICATICNS

_ 1.1 SCOPE \

These specifications provide the furictional and performance requirements
for the baseline LLSSM mobility system, The mobility system encompasses

the following subsystems:

o - Wheel Assembly

o Wheel Drive Mechanism

o Suspension System

o] Steering System

o Chassis - Frame Assemb.iy
o Electric Drive System

i

i

§
D2-83012-1 :
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7.2 APPLICABLE DOCUMENTS

o . "ALSS Payload Design Criteria; Structural Design Criteria", -Prepared
by Hayes International Corporation for R-P & VE-AL, NASA MSFC,
Under Contract NAS 8-5307, June 29, 1964,

o "MOLAB Structural Design Criteria', Boeing Document D2-82068,
Prepared Under Contract NAS 8-11411, August 1964,

o GM DRL Drawing Nos., PD-00810, PD-00813, PD-00816, PD-00820,
pPD-00821, PD-00822, PD-00823,

o Engineering Lunar Surface Model (ELMS), KS C TR-83-D 3

D2-83012-1
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7.3 REQUIREMENTS

7.3.1 Overall Mobility System

The purpose of the mobility system is to function as a mobile platform,
day or night, capable of negotiating the soils, slopes and obstacles of the
lunar surface, while providing maximum probability of crew safety and
mission success, It shall have the capability of accommeodating an astro- -
naut-driver and approximately 700 lbm of scientific equipment, as well

as the nccessary power, thermal, navigation and commaunications systems.

It shall be capable of negotiating the surface profiles specified in EI.MS
at a minimum average speed of 5 km/hr, and maintain speeds of at least
16 km/hr over level hard ground and 5 km/hr.over level soft ground with
soil characteristics kﬂ =0.,5and n = 0.5, The minimum mission range

will be 200 km over a 14 (earth) day period.

7.3.2 Wheel Assembly

The wheel assembly shall consist of the following major components:

o wheel disc o stiff inner {rame
o rim o tread

o woven wire outer frame

The design of the wheel shall conform to the configuration of GM DRL
drawing PD-0082)1, and the functionzl capabilities and limitations as

specified herein,

Emphagis ghall be placed on reliability, minimum weight, performance,
and compatibility with the lunar environmsent, Six wheel assemblies shall
be used to support the LSSM vehicle and to transmit driving torque {0 \he
lunar surface., The wheel disc, which shall be attached to the drive

mechanism wheel hub, shall be a spun conical frustrum. The rim shall
D2-33012=-1
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be flanged to provide stiffness and shall be rigidly attached to the wheel
disc. The spring wire outer frame shall consist of 540 interwoven wires
ina 0.375 mesh. Suitable materials shall be utilized for the right-hand
~— and left-hand wires to reduce the possibility of vacuum cold-welding at
the points of intersection. The ends of the spring wire outer frame loops
shall be rigidly attachad to the rim. The stiff inner frame shall be rigidly
attached to the rim and shall consist of 36 loops interconnected by hat

section circumferential rings.

The tread shall cover the normal running surface of the wheel, and shall

ceonsist of a specially woven wire braid, or separate metal lugs. » {

The wheel sub-assembly shall be capable of reacting the following dynamic ]

forces: 4
o limit radial wheel load 5204 N (1170 1bf)
o limit lateral wheel load 578 N ( 130 1bf) {

The wheel gsub~assembly shall be capable of reacting or transmitting

165 N-m (120 ft-1b) of torque. The wheel shall be capable of a maximum
speed of 92 rpm. The wheel shall be capable of completing 100, 000 )
revolutions without significant deterioration of performance. The wheel
disc shall provide for attachment of the wheel assembly to the wheel drive
mechanism wheel hub. The rim shall provide for attachment of the stiff
inner frame and flexible wire outer frame, The spring wire outer frame
shall be the primary load supporting structure of the wheel assembly.

It shall deflect 4. 30 c¢m (1. 70 in) at the nominal wheel load of 289 N (65 1bf).

That is, the outer frame shall have a spring rate of 66 N/cin (38 1bf/in).

The stiff inner frame shall prevent excessive deflection of the spring wire
outer frame and shall absorb maximum dynamic loads. It shall have a

spring rate of 3620 N/cm (2074 1bf/in). ' 4

The tread shall protect the wheel covering from abrasion and provide a

- gripping tread for traction. D2-83012-1 )
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7.3.3 Wheel Drive Mechanism

The wheel drive mechanism (WDM) shall consist of the following major elements:

ORI -
rt kgl

gl

e

~ o wheel hub o brake system

S

o harmonic drive o wheel drive housing

SRR I A

T

LAk

0 spur gear reduction o wheel drive disconnect

o electric drive motor o radiator

The design of the WDM shall conform to the configuration of GM DRL drawing
PD-00813, and to the functional capabilities and limitations set forth herein.

Emphasis shall be on reliability, performance, minimum weight and compatability

with the lunar environment.

The WDM shall drive the wheel assembly of the LSSM vehicle. The wheel hub b

which supports the wheel shall be the driven member of the mechanical drive.

R L LA A bt B0 E T A S
e T A, P R AN A eI e PO — e . . s

The WDM shall be supported by the steering pivots of the Ackermann stecring 3

actuators at the forward and aft axle wheels; and by the suspension system at ‘

. , E
the center axle wheels.

PRl AR Sl

The WDM shall be capable of oper'ating in either direction or braking the vehicle
when the drive is not enefgized. All electrical and high-speed mechanical com-
ponents shall be enclosed in 2 hermetically sealed chamber. A manually oper- 3
ated wheel drive disconnect shall be incorporated to declutch each wheel from 3
the WDM for emergency operation. Each WDM sha!l have a passive radiator

located outboard of the wheel for cooling, and at a minimum, the four wheels

e SR

of the forward unit shall be capable of being braked by manual ineans for pur-

T

poses of parking. Instrumentation shall include a temperature transducer,

pressure switch and odometer,

i e T i

The WDM shall provide, at a minimum, the output torque-speed characteristics
shown in Figure 7.3.1. These are summarized as follows: 6 lb-ft. at 92 rpm,

68 1b-ft. at 5 rpm (maximumn continuous duty), and 120 lb-ft. at 2 rpm (intermittent).

D2-83012-1 i
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A size 25 harmonic drive unit shall provide a zear reduction of 88:1 for the output 1

.

T B T A,

e g

oi the WDM. This unit, coupled with the WDM housing, shall provide thc hermetic

i3

- sealing capability. The wave generator of the harinonic drive shall be coupled Fg ;
directly to the electric drivé motor. The flexspline is a thin-walled member in ‘ ‘:;
contact with the wave generator. The elliptically shaped wave generator deflects ; ;
the flexspline in two diametrically opposed arcas. and causes the external teeth Y a
of the flexspline to engoge with the internal teeth of the harmonic drive circular g :
spline. The cutput of the harmonic drive is the circular spline which shall have 1 i
gear teecth also on its outer circumference. he outer teeth of the circular : i‘;
spline shall engage three small pinion gears which in turn shall drive a ring gear {:
attached to the wheel drive. This final reduction due to the use of intermediate g %
pirion gears shall be equal to 1.5:1. ; é

3
;
Disconnecting of the WDM from the wheel for emergency operation shall be
accomplished manually by a single release device that will disengage the ring
gear {rocm the wheel hub. | j
d
:
A conventional duo-servo two-shoe brake assembly shall be utilized for the E g
service brake. Actuation shall be by a pilot shoe assembly which is contrclled E g
by a small short stroke solenoid, Minimum braking torque shall be such that g
with the electric drive motor de-energized, there shall be no rotation of the t E
wheel drive mechanism when subjected to an external torque of 120 lb-ft. '
(165 N-m). The service brake shall be capable of dissipating a peak power : £
load of approximately 560 watts, and an average continuovus load of 40 watts. ‘ 1
Yor purposes of parking, the brakes shall be actuated by means of a cam device -k
in parallel with the solenoid armature, controlled by means of 2 manual push- i; ~
pull cable. ‘ :
. 14
The wheel hub shall be supportied by two main bearings mounted cn a circulzar ¥ I
housing attached to the suspension system. The wheel shall be attached to one
end of 'he wheel hub. The wheel drive mechanisra housing, in conjunction with Ja .
the harmonic drive flexspline, shall provide a hermetically sealed chamber for :‘: ‘Ei
the mechanism. The electric drive motor, spur gear reduction, service brake, : ?
- D2-83012-1 3 i
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and instrumentation shall be located with the flexspline - housing envelope. The

hermetically sealed chamber shall be charged with a suitable gas at a nominal

¥
«
1
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pressure of four psia such that the high speed mechanical and electrical com-

~.

ponents are protected from the low pressure lunar environment,

h ety e

”

o

A temperature-compensated pressure switch shall be located within the hermeti-

ey

cally sealed mechanism. It shall actuate whenever the initial pressure {corrected

for temperature) has changed by 25 percent, plus or minus three percent, over a

v~

nominal temperature range of minus 250 degrees to 500 degrees F. Two temper-

ature transducers shall be provided to monitor motor winding and motor bearing

Ay Ay .
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temperatures. The transducers shall be capable of a range of temperature

vt o

measurement f1um -250 to 500 degrees F with a maximum accuracy of plus or

A

minus three percent. Odometer requirements shall be as required by the Navi-

LY

gation System. (See Section 7.3.7 of this report.)
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The wheel drive mechanism shall be capable of operation regardless of its

-
%

PR .

orientation. It shall be capable of cornpleting a minimum of 100, 000 revolutions

of nominal operation without difficulty, malfunction, or repair. The wheel

A T
BT P LSRR TSN Ty

drive mechanism shall be designed and constructed su.h thkat, when supplied

s 1
5 et
2%

e

with vcltage and power,the mechanism will meet the performance requirements

specified herein.

The electromagnetic service brake shall operate from a source voltage of 28
volts dv and shall have a .naximum power drain of 30 watts. The pressure

monitoring switch shall operate on an applied voltage of approximately 28 volts

dc and 0.2 amperes.

Requirements for the electric motor are given under sectizn 7.3.7 of this

specification.

D2-83012-1
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7.3.4 Suspension Svetemn

The suspension systrm assambly shall coanist of the (ollowing major com-

ponenig:

o lowne sauspension arm

0 UPPOF AULPENRION AXIM

O torsion bar spring ¢lement

0 ahack viuﬁper

0 wheel drive mounting bracies

The degign of the suspension asseinbly shall ¢rnform to the confligurdtion

of GM DRL drawing PD-U0K2L, and the {unctional capabilities and limitations
an speiified heretin, Emphas!s shall be placed on reliability, minimum
weight, performanve, and compatibility «with the lunar environment, Six
suspeniton assemblirs nhail he uged to support the LS5M gtructure, ab-
rarb dynamic toude resulting from operation oa the lunar gurface, and
proavide sulrshle gnring and dumping action for ride comfort and crew

and equnprient aafely,

The lower auspension arm rhall he a tubular weldsd structure, attached

' thie chassiz-irarme aubayatem,

The unper auapernaiun arm shall camplete the jarallel azm linkage, It
shalli aiz0 be of tubular welded vonsteuction aned 3ttache:d to the chassis-
framme suisyetein,  Che loaiziiuainal torsion bar epring elemen? shall be
fixed to the upper arm and chaesis-ifame bet'veen thae suspenrsion mounting
mivoita, The ahock dampnsr sihall be a hydraulic linear damper. A heating
clement ahall he provided for start-up and lunar aight eperation. Hermetic

saaling shall be nrovided by means of & bellowa,

The sungension asarmbly stwil Lbe tajable of reacting & wheel torgue of

Vol e {228 festn), The auspe st assembly ahall prosvide {or 1. S em

) {5, Y in) of jrunce an the wheel anag 1102 e (4.7 inl of teuvund. The suspenaion
anzerihiy ehall have a gpring vate of 26 N/em 15 i0/ m) and a damping rate of g
DI.AICii=~1

y
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7.3, 5 Steering System

The steering system for LSSM shall consist of two essentially identical
stcefing actuators to result in Ackermann-type steering of the fron.t wheels
of the forward unit and the aft unit wheels. The two actuators shall be
connected by means of a flexible shaft to aid in wheel angle synchronization

in turns.

Each actuator shall consist of the following major components:

o Electric Motor o Cross Link
o Gear Box o End Housing
o  Mechani. m Housing

The design of the steering actuator. shall conform to the configuration of
GM DRL drawing PD-00816, and the functional capabilities and limitations
specified herein, Emphasis shall be placed on reliability, performance,

minimum weight and compatibility with the lunar environment.

Two actuator assemblies shall be us-ed to position the wheels; one for the
front wheels cf the forward unit, the other for the aft unit wheels. Each
actuator shall be attached to the chassis-frame structure and the steering
linka connected to the wheel drive mechanism. Each steering actuator
shall be capabie of positioning the wheels up to 25 degrees from the normal
wheel centerline, It shall be capable of maintaining any given position
against external nominal leads, Switches shell be provided to prevent
excecding the maximum steering angle by cutting power to the steering

motor. -

All functioning electrical and high speed mechanical components shall be
enclosed in a hermetically sealed housing. The pressure in the hovsing

shall be monitored by a sirple temperature compensated pressurc switch.

”~

D2-83012-1
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A temperature transducer shall be provided to monitor motor temperature.
An emergency release for the mechaniam shall be provided. Ingress and
— egress of electrical wiring at the mechanism shall be accomplished using

a hermetically sealed ccnnector.

The steering actuator shall have the following mirimum torque-speed
characteristics: 260 ft-1b (352 N-m) at a steering speed of 0,1 rpm

(0. 6 degrees/sec); 20 ft-1b (27 N-m) at 1. 0 rpm (6.0 degrees/sec); and

12 ft-1b (16 N-m) at 2.5 rpm (15,0 degrees/sec). In addition, the actuator
must be capable of developing a resisting torque of 407 ft-1b (552 N-m)

to withstand longitudinal load inputs through a wheel centerline.

Each actuator shall have an overall speed reduction of approximately
1250:1 and be capable of developing a thrust of 1675 1by (7450 N}, a rate
of travel of 1. 08 in/sec (2. 7 cm/sec), and a total stroke of 2.2 inches

(5. 6 cm),

A drive assembly, consisting of motor, spiroid gear set and ball nut and
screw, shall provide the torque -speed requirements described above.
The drive motor-gear reducer combination shall drive the gpiroid gear
set which in turn shall drive the ball nut and screw, The screw is part

of the cross-link assembly that positions the wheels.

The actuator shall be driven by a dc permanent magnet motor, operating
from a 28 volt dc power source. The motor si. ll be reversible and
capable of withstanding intermittent stall loads for 30 seconds. The moctor
shall have a rated power output of approximately 30 watts with the torque/
and power/apced characteristics shown in Figure 7.3.2, Efficiency of the

motor shall be at least 60% at rated nominal conditions,

The spiroid gear set shall provide a speed reduction of 38:1, It shall have

D2.83012-1
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nominal ratings of 100 in, 1b of torque, 0.067 HP input at 1750 rpm,
and 0, 038 HP output at 1750 rpm. ;

The ball nut and screw shall provide a speed reduction of 33:1. It shall

be capable of withstanding operational loads up to 2200 1lbf.

An emergency shall be provided on the end housing so that the wheels
may be steered by means of a manual input, This emergency input
shall be by means a rack and pinion on the forward unit actuator driven

by a ratchet handle,

Steering contro1 shall be by means of a driver operated sidearm control,

The control system can be either an open or closed-loop system, : ;

The entire mechanism shall be hermetically sealed and charged with a

suitable gas at a nominal pressure of 4. 0 psia such that all high speed

mechanical and electrical components of the mechanism are protected

from the low pressure lunar environment. ;

A temperature compensated pressure switch shall be located within the
hermetically sealed chamber. It shall actuate whenever the initﬁl pressure
(corrected for temperature) has changed by 25 percent, plus or minus 3
percent, over a nominal temperature range of minus 250 degrees to 500
degrees F, This switch shall operate from a 28 volt dc power source.
Limit switches shall limit maximum steering position of the mechanisms

in either direction. These switches shall operate on an applied voltage

of 28 volt dc and have a rating of 0.5 amperes.

Temperature transducers shall be provided to rnonitor steering motor
winding temperature, Range of temperature measurement from -250 to
500 degrees F with a maximum accuracy of plus or minus three percent

shall be provided,

D2-83012-1 |
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Steering actuators shall be capable of completing a minimum of 6, 000

——— e e B

cyéles of nominal operation without difficulty, malfunction, or repair.

Ry

The steering actuators shall be capable of operation regardless of its ‘ “ee
orientation, The mass of a single actnator mechanism shall not exceed

17 1bm (k kg).

7.3. 6 Chassis-Frame Assembly

The chassis-frame subsystem shall consist of the following major assemblies:
o Forward unit frame assembly
o Aft unit frame assembly

o Flexible frame assembly

The design of the chassis-frame subsystem shall conform to the configuration
of GM DRL drawing PD-00820 and the functional capabilities and limitatione
specified herein. Emphasis shall be on reliability, minimum weight,

performance and compatibility with the lunar environment.

The chassis-frame assembly shall providc the basic support structure
for the entire LSSM vehicle. It shall provide attachment points for the
‘suspension system and steering mechanisms, and provide means for

accommodating crew system and scientific equipment, as well as the

power, navigation, communications and thermazl subsystems,

The chassis-frame structure shall be capable of withstanding repeated
flexures and shock loads, and shall permit a minimum of 90 degrces

for the angels of approach and departure of the assembled vehicle.

The chassis-frame subsystem shal}! provide for the retraction and extension
of the flexible frame permitting in-flight stowage aboard and deployment

onto the lunar surface from the LEM/Shelter.

The design of th§ chagsis-frame subsystem chall permit the following

relative displacementa between the forward and the aft units: D2-83012-1
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o) plus or minus 15 degrees (from reference axis) in pitch

o plus or minus 30 degrees (from reference axis) in roll

The forward unit assembly shall consist of an aluminurn box structure
with an integral rail structure for flexible frame retraction. The chassis

rails shall be capable of withstanding the reactions of the following dynamic

loads as well as those specified in D2-82068:

o Limit vertical wheel load 5,200 N (1, 170 1b%)
5} Limit lateral wheel load 578 N { 130 1bf)

{
o Limit longitudiral wheel load 10, 200 N (2, 300 1bf)

Four pairs of mounting brackets for the four forward unit suspension
assemblies shall be provided. There shall be guide tracks for operation

of the retractable flexible frame. Provisions shall be made to accommo-
date the flexible frame locking mechanism and for attachment of the steering

actuator for the forward wheels,

The aft unit frame structure shall provide attachment points for the rear
wheel suspensiun assemblies and steering actuator, and provide support
for a thermal compartment containing power system and navigation,
communications and drive electronics. The aft unit shall be able to with-

stand the loads specified above.

The flexible frame assembly shall control the relative attitudes of the aft
and forward units in pitch and roll. The assembly shall consist of the '
flexible frame, pitch limiter, and pitch limiter bracket, and shall provide
an "elastic coupling” of the forward and aft units, During the stowage -
mode, the flexivle frame shall have the capability of being retracted

aiong the guides of the forward unit rails. At deployment th? flexible frame

shall have the capability of being extended to its operating position. Two

locking mechanisma (one for each rail) shall be provided to secure the

flexible {rame in the locked or extended nosition.

D2-83012-1
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The flexible frame skall limit freedom of roll between the two units to

plus or minus 30 degrees and shall be capable of reacting the loads

7 N,

specified above.

The.pitch limiter shall restrict the pitch freedom of the aft unit to plus g
or minus 15 degrees. A means shall be incorporated into the limiter so

that it can be siowed between the forward and aft units. A mechanism ;
shall be provided at the forward unit to lock tie pitch limiter into operating
position when the vehicle is deployed. The pitch limiter shall incorporate
snubber springs to react impact loads. The pitch limiter bracket shall
provide for the securing of the aft end of the pitch limiter. It shall serve

as a spacer and fixity for the aft end of the flexible frame,

7.3.7 Electric Drive System v 1

The electric drive system shall consist of the following major elements:

o Motors
o Power Switching ]
o Controls
¢
The electric drive system shall perform the following functions: , 1
o Convert electric energy produced by the battery system into :
mechanical energy to drive the LSSM wheels.
o] Coﬁtrol vehicle speed in response to commands from the
manned control loops. 4
o Supply wheel velocity information “or the navigation systemn.
b 4

The design of the electric drive system (EDS) shall conform to the fu.nctionalb
capabilities and limitations as specified herein. Emphasis shall be placed
on reliability, minimum weight, efficiency, controllability, performance
and compatibility with the lunar environment. The EDS sghall be capable

of propelling the vehicle in either direction at the command of the driver.
Cooling of the power switching and control elements shall be accomplished

by a phase change material heat exchanger system.
_— D2=-83012«1
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The EDS motor shall be an ac squirrel cage induction motor. It shall be
bolted to a flange on the wheel drive mechanism and drive an 88:1 step-
~ down harmonic drive, Heat transfer shall be accomplished by radiation )

attached to the case., The motor case and radiator are parts of the wheel

drive mechanism. '

i
The motor shall be energized by cables running from the wheel mechanism ' i
to the aft unit thermal compartment in which the power switching and control I
elements are mounted, The power switching circuits shall be controlled 1
by control elements which receive signals fromn the digital tachometers 4

mountcd on the rhotor shaffs, and from the astronaut's side -arin controller,

The EDS mctor shall be capable of producing an intermittant torque of
1. 7 N-meters (1.2 ft-1b) at 0 to 260 rpm and a maximum steady-state

torque of 0. 84 N-meters (0.7 ft-1b) at 650 rpm. Maximum steady-state

power output shall be 95 watts at 12, 000 rpm. Maximum motor weight
including radiator will be 3, 6 kg, Maximum overall motor dimensions shall "

be 5, 0 inches O. D and 40 inches length.

The power switch subsystem shall produce a stepped, alternating, three-

phase voltage varying from 0 to a maximum voltage of 56 volts peak. It

shall be capable of delivering a maximum current of 25 amperes peak.

The power switching equipment is controlled by the control system which !
will receive signals from digital tachometers mounted on the motor

shafts and from the drive conscle unit. The controls shall be mounted

in the aft unit thermal compartment, The control eiements shall receive
motor speed signals and drive and steering commands, and control the
voltages and frequencies applied to the drive motors. They shall control
the speed of the vehicle in forward or reverse, and shall enable the vehicle

to skid steer in an emergency mode of cperation,

To interface with the navigation system, each wheel transducer shall pro-

g
K

D2-83012=1 1

duce a pulse train output specifiec as follows:
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1. Pulse arnplitude - Any amplitude between 6 and 28 volts, ,i’
2. Pulse width - Between the limits of 1and 10 milliseconds. (i
~ 3. Pulse rate - 128 pulses per meter or greater, (
4., Pulse spacing accuracy - + 3%. ;;1
£
5, Rise and fall time - 0, 1% {cr 128s) of pulse width, 5
6. Loz24d impedance ~ 50, 000 ohm or greater, ‘,
5
i
The pulse rate specified shall be the minimum acceptable. The rate
. _ ;
may be increased to a higher value as long as it is a binary multiple of g
distance (in meters). A +6 volt dc signal is required for the navigation \i
2
system interface when the vehicle is going in reverse. This signal will k
instruct the distance computer to subtract whe.:l trtansducer output pulses.
The steering and drive cor.mand signals chall be of the analog type varying
from 0 to 5 volts dc. Input impedance of the control subsystem shall be
1, 060 ohms or higher,
{
¢
Power awitching shall be designed to operate from a battery voltage of ‘
£
56 volts dc with voltage excursions from 52 to 71 volts dc. The controls :
shall be designed to cperate from a battery voltage of &B volts dc 11 voit, ;
Maximum weight of the electric drive system shall be 38 kg (86 lIbm]j, '4
including inverters, motors, cables and circuit breakers, Average "J
efficiency of the drive system shall be greater tha~ 50 percent, (%
L)
ﬁ
I
#
i
i
i
E
1
i
;
_ D2-83012-1 b
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8.0 FAILURE MODE AND RELIABILITY ANALYSES

8.1 FAILURE MODE AND EFFECT ANALYSIS

8.1.1 Introduction

A failure mode and effect analysis was conducted for the L.SSM mobility system
consistent with the guidelines of Boeing Company memo 2-5022-66, "LSSM
Reliability Prediction and Failure Mode Analysis'", dated 20 December 1965,
Such an analysis is useful for makirg system level reliability predictions for

the LSSM,

Each major component of the mobility system was reviewed for signiﬁcant

failure mode‘s wi.ich would adversely effect the intended function of the com-
ponent. Significant failure modes were listed with possible causes. Effects
of each failure on the component and on the mobility system were also deter-
mined. The seriousness of each failure was considered and indicated by a

“'criticality number'". Possible actions to relieve the adverse effects of each

failure were listed,

8.1.2 Conclusions

A review of the results, using a conservative approach, suggests the more

serious failure modes to be associated with:
(1) loss or excessive dislocation of more than one wheel.
(2) parting of the ferward chassis cr flexible frame.

(3) total failure of the drive electronics system.

Each of these failure areas involves almost certain abandonment of the vehicle,

with loss of iife if failure occurs outside the walk-back radius in the traverse.

3.1.3 Discussion

The resulte of the failure mode and effect analysis are given in the 9-page

attachment at the end of this section. Most of the features listed are not

critical due to the many redundant design features D2e83012=1
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of the six-wheel configuration. Several of those failures listed as sericus would
involve a significant time factor before vehicle abandonment would be necessary.
This time could be used to minimize the distance to the shelter.

Comments pertinent to the contents of the attachment are as follows:

Component Identification - This column lists each of the major mobility system

components.
Function - The function of each component is considered to aid in determining
all significant failure modes,

Modes of Failure and Causes - Modes of failure arelisted consistent with com-

ponent functions. Potential causes were determined from review of the com-
ponent drawings,

Effects on Component and Subsystem - Listed are the effect of each failure

mode on the performance requirement of the component and on the subsystem
performance.

Criticality Number - The number refers to the expected seriousness of the

failure under consideration as follows:

(1) High probability of causing loss of life.

(2) High probability of causing disablement of LSSM, but no immediate
loss of life,

(3) Seriously degrades the usefulness of LSSM, but does not cause
abandonment,

(4) Less serious than (3) but would cause the LSSM to be kept within
astronaut's walk back capability,

(5) Least serious and might not cause restrainment of traverse,

Alternates - Alternate modes of operation and other corrective actions that
might be used to get the LSSM back to the LEM/Shelter should the failure

occur,

DZ2-83012-1
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8.2 RELIABILITY ANALYSIS

8.2.1 Introduction

The reliability analysis results presented herein are based on the ""Alphonsus
Single LSSM Mission" as defined in ''Preliminary Design Study of a Lunar

Local Scientific Survey Module (LSSM)", First Interim Report, September, 1965,
Boeing Document D2-36072-4. This mission consists of twelve manned sorties
with travel times ranging from 0.4 hours to 4.0 hours, followed by a remote
traverse of 50 hours travel time. Total travel time for the twelve sorties is

approximately 38 hours,

Assuming the usual rigorous development program the numerical results of his
_ study represent an estimate of the achievable level of mobility system reliability

for the twelve surties. The remote portion of the mission is not considered.

The reliability values contained in this report are based on related MOLAB data
and currently available failure rate data. The analysis assumes that the design

is adequate to perform as intended in the environment to be encountered. Further,
it is assumed that wear and fatigue, are not significant factors for the relatively
short operating times described above, except as adversely inflzenced by quality

defects.

8.2.2 Conclusions

With respect to the ""Alphonsus Single LSSM Migsion'", it was estim_ated that the
reliability of the mobility system would be C.992i8 for the 12 zorties. This value
represents the probability of the molility system not causing missioan abort duzing
the 33-hour total operating tirme. This vaiue miy be conservitive since some
failures may be repairavleydepending on the nesrness of the vehicle to the shelter

when the failure occurs if previsions for repair are included.

Figure 8.2.1 shows the LSSM baseline concept. Figure 8.2.2 prescnts a block
diagram of the mobility aystem with tha probability of success values for each

subsystemn. The values apply to the 12 manned sorties.
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MOBILITY
SYSTEM

. 99218

Chassis-Frame

.99919

Suspension
. 99863

Drive
Mechanisms

. 99999

Wheelrs

Chassis
Assembly
Aft Unit Forward
Frame Unit Flexible
Frame
Forward Pitch
Unit Af: Unit Limiter

Any 4 o. 6 with no wheel seizure
Any 5 of 6 with one wheel seizure

. 99904

Steering

. 99827

Electronics
System Drive

.99704

Wheel Drive Gear
Bearings Disconnect Train
'3
Brake Harmonic
Wheel h Drive
Structure
AC
Motor
Fwd Aft
lAckermann Ackermann
Unit Unit
Starboard/Port
Controller-
Inverters

Figure 8, 2, 2- LSSM Mobility System Reliability Estimates
- 12 Manneqd Sorties Mission-
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The reliability estimates determined for the mobility system emphasize the
value of redundancy in design. The wheel drive mechanisms, the most complex
of the subsystems, were determined to have a negligible probability of failure
as a subsystem. This ia Jue to the ability of the subs?stem tc continue adequate

functioning with, ceinaservatively, only four drive mechanisms driving.

8.2.3 Discussian

The following discupsion presents a statement of the problem, a definition of the
mission, the approach used, and cornments relative to determining the reliability

of the mobihity system components,

a._Definition of Problem

In order to gain insight into what attainable probability of mission success
might be expected of a LSSM vehicle, the'Boeing Company has undertaken
tu estimate the achievable Jevel of reliability of the LSSM system, assuming
a2 normally rigorous development program. In order to determine the

over-all mission reliability, a similar estimate was required for the

mobhility system, the results of which are presented herein.

b, Bascline Misston Definition

The mission operating profile chosen for this estimate is shown in
Fipure 8.2.3. The remote portion of the mission is not congidered in this
reliability estimate. The mission involved in this estimate can be simplified

to one uperating period of 38 hcurs.

c. Approach to Eatimating Rebiability

Usec of Failure Rate Uata - A reviaw of all known sources of mechanical
faiiure rate data resulted in the selection of the following data sources for
the subject estimatian:

o Compendium of Failure Rate Data for Polaris Missile Hardware, ;
MGC 801280, } Novembar 1963, [

g Rehabality Siress and Failure Rate Data for Electrical Equipment, :
MIL-HDBFK 217, B8 August 1942, ;

D2-83012-1
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Although it ie not an objective of this memorandum to explain the detailed
procedures of a reliability estimation effort, some comments relative to

the failure rate data seem appropriate.

Failure rate data must be construed to be data accurnulated for "random'
failures which were not time dependeni. Time independence implies a
constant probability of instantaneous failure. Only with the condition of
time independence can the available failure data be used in a legical and
correct manner. When using such data, the f0110wing assumptions are
made: (1) the design is adequate to perform as intended in the environ-
ment to be encountered, and (2) wear and fatigue are not reflected by the

failure rates except as the result of quality d ~fects.

Failures which are used in compiling failure rate tables would be expected
to be caused by one or more of the following: (1) quality defects, (2)
abnormal environmental spikes, (3) undetected design deficiencies, and {4)
wear and fatigue. A descending order of frequency of encounter would be
expected. Wear and fatigue-induced failures would be expected to be in-
frequent since much of the basic data are {rom areas of use where pre-~
ventative maintenance by replacement of parts is common. The significance
of the error caused by the inclusion of wear/fatigue tailurcs in the basic
data should be materially reduced by the "'perfect design'' assumption applied

to the components under consideration.

Factors to Mocify Basic Failure Rates - Severzl factors were used to modify

the basic failure rate data to bring them in line with the conditicns of use on

LSSM. These factors, as appeaving in Attachment 8. 2.1 are explained as

follows:
t - mission time.

Mission time is usually considered to be 38 hours as previously discussed.
Rather than using a full 38-hcur mission time for intermittent-operating

components, estimated curnulative operating times are used. Periods of

D2-83012~1
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non-operation are logicélly considered to be characterized by zero

RN

failure rates for short periods.

K - factor to acc;mnt for effects of environment.
Basic failure rates are considered to be directly applicable to.pérts de-
signed and produced under reasonably close controls and subjected to
normal operating stresses with reasonable safety factors and at ambient
conditions of 70°F and one atmosphere. With resgect to LSSM, normal
operating stresses would be considered to be induced via a traverse over
a moderately smooth undulating gurface at a velocity of 5 km per hour.
Possible significant deviations from this would be reflected in the K factor.
Estimated effects of temperature and vacuum conditions are also reflected

in this adjustment factor.

It should be noted here that the LSSM hardware will undoubtedly receive
more extensive reliability and quality control, test, and checkout efforts
th'an received by the parts represented in the basic failure-rate data. It
might be concluded that the basic failure rates could, therefore, logically
be reduced to reflect an expected lower rate. However, due to critical
weight considerations, the LSSM safety factors are expected to be smaller
than those related to the basic data. This and the fact that the LSSM will
be operating in a more severe eunvironment are believed td reasonably

" balance the situation. '

E - probability of failure of component to cause
failure of "12-sortie" mission.

Since a component failure may not always result in failure of the mission,
this factor is necessary to reflect in the ~ystem reliability figurc only
those failures which effect system reliability. As an example, failure of
a damper might result in subsequent mission failure only five per cent ofv
the time, Therefore, system reliability may be penalized for only five
percent of the probability of failure of the damper.

d. Comments on Subsystem Failure Estimates

The following discussion briefly explains the assumptions used in the esti-

mation of reliability of each subsystem and commer.ts on some of the detzils,
D2-83012-1
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Chassis - Frame - The assumption is made here that a separation of the

chassis structure or failure of a suspension arm mounting bracket would
have a high probability of causing the detachment cf a suspension and

wheel assembly shortly thereafter. Loss of one such assembly would be
expected to terminate the traverse, causing mission failure. The pitch
limiter is considered to be a non-critical cofnponent with a failure re-
sulting in loss of pitch restraint of the trailer. This loss could conceivably

result in over-stress of other components.

Suspension - Failure of a structural member of a suspension unit is

assumed to have a significant probability of causing catastrophic dislccation

of a wheel and drive assémbly. Four attachment points offer some redundancy.
A torsion bar failure might be prevented from causing excessive displaccment
of the wheel by the damper stop; however, the structural member would be
subjected to increased dynami.;. loads without the "‘cushion' of the energy-

absorbing torsion bar.

i aae s

Drive Mechanism - Because of the redurdancy associated with six-wheel

drives, the wheel-drive subsystern can sustain, without mission failure.
the following: (1) one wheel drive seizure, or (2) two wheel drives failing
to drive. The redundancy of thie subsystem complicates the procedure; the
details of the work are appended as Attachment 8. 2. 2, The (E) factor, with
respect to this subsyétem only, takes on a slightly different meaning. It is
used as the probability of the failure of the component to cause the indicated
mode of failure. Comments worth mentioning here with respect to re-

liability estimation of this mechanism are:

(2) Failure rates for the flexspline, circular spline, and wheel
bearings were doubled, when considering seizure, to account for possible
adverse effects of low pressure operation. - _

(b) It was assumed that gear teeth failures would be equally divided
between gear seizure and all interfering teeth stripping from the gears.

(c) Failure of the drive disconnect would take the form of seizure of
the mechanism prior to or during attempted actuation.

{d) High speed bearings would probably fail by seizure.

DZ2-83012-1
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The redundancy of the wheel drive subsystem is a major factor in the

overall cystem reliability. The reliability of a single drive mechanism ;
was estimated as 0.99898. This value is not significantly better than any

of the other subsystem.reliabil.ities. With the six-wheel redundancy the

wheel drive subsystem exhibits a negligible unreliability.

Wheels - The assumption here is that mission failure would occur with
the failure of one wheel. A wheel failure would be considered as an event
more critical thah a wheel seizuré with essentially total collapse of the
wheel structure. A wheel failure could be visualized as resulting in the

dragging of the drive mechanism on the lunar surface.

The built-in redundancies of the wheel design make a mathematical model
of the wheel reliability highly complex. Therefore, rough approximations

were used in arrivi .g at a reliability figure.

Comments appropriate here are:

(a) Failure of the tread and imesh covering, although resulting in a
reducticn in traction, is considered to have no adverse effect on mission
success,

(b} Although there are many parts in the spring wire outer frame to
fail, the probability of enough adjacent wires failing to produce a signifi-
cant area of failure is very remote.

(c) The stiff inner frame has a low operation time, zspecially at
slow speed. Total failure of the outer frame would be backed up by this
morge rigid inner frame. However, if the wheel were to nperate on tnis
inne—r frame, the probability of failure of the inner frame, rim, and Qheel L=
disc would be gignificantly increzsed.

(d) The rim and wheel disc are considered to be the only critical

parts of the wheel since failure of either would probably cause a wheel loes.

Stzering - With respect to steering reliability it is assumed that the mission

would be aborted with failure of either steering actuator assembly. Actually,

the mission could proceed with certain components inoperative. If one
D2«B3012-1
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steering motor fails to operate, the second motor can be used to power
both steering units via the interconnecting shaft. In addition, the front
unit includes an emergency manual steering mode. A third steering mode

is skid steering.

Failure modes considered include loss of steering torque and loss of wheel
restrainment. It was assumed that the steering motors would be operating
about one-third of the vehicle operating time. Bellows failure, excluding
the two redundant bellows, could result in failure due to cold welding of
bearing surfaces. Bellows fatiguing would be retarded by the vacuum

environment.

Refefring to Figure 8.2.2, the steering subsystem reliability of 0.99827
would be increased to 0.99999 if one steering unit failure could be tolerated
without causing mission failure. Mobility system reliability would be in-

creased from 0.99218 to 0.99390.

Because cf the back-up modea of operation, in actual operation on the
lunar surface the vehicle would have a high probability of cofnpleting a
sortie even after sustaining a steering failure. System effectiveness could

be enhanced by providing for repair of failures at the lunar base.

Drive Power Distribution - A two controller-inverter power distribution

and control configuration was assumed for this subsystem. One controller-
inverter feeds the starboard wheele and the other, the port wheela. The
control of zll six wheels with one controller -inverter has not been considered
as a backup mode of operation in this evaluation. However, this is possible

with incorporation of a simple switching system.

If a spare controller-inverter were included in this subsystem, the subsystem
reliability of 0.93704 would be increased to 0.95999 and the system reli-
ability of 0.99218 would increase to 0.99512.
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Attachment 8. 2.1

LSSM FAILURE RATE ESTIMATE: 12- SORTIE MISSION (Part 1)

Failures/ . L ;
SUBSYSTEM/COMPONENT | 106 hrs. | thrs.| K E [Failures/10° g
;:
CHASSIS - FRAME 4
Forward Unit ‘E
Chassis Assembly W
Structure ' 3 38 1.0 .8 91
Mounting Brackets (8) 8 38 1.0 .3 91
Flexible Frame Assembly 15 38 1.0 .8 456
Pitch Limiter 10 38 1.0 | 0.1 38 ‘
Aft Unit . )
Frame 3 38 1.0 .8 91
Mounting Brackets 4 38 1.0 .3 45 ¢
TOTAL: 812
i
SUSPENSION 1
Forward & Aft Unit .
Damper 10 38 2.0 0.05 38 4
Upper Aring 2 28 1.0 .3 23
Wheel Drive Brackets 3 38 1.0 .5 57 d
Lower Armas 2 38 1.0 .3 23
Tcrsion Bar 5 33 1.0 0.1 ‘9 1
Joints (6) 6 38 1.0 .3 68
. TOTAL} 228
(6) urdty 1368
{
b T
{
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LSSM FAILURE RATE ESTIMATES: 12- SORTIE MISSION(Part 2) i

. Failures/ d
SUBSYSTEM/COMPONENT | 106 hrs. | thrs.| K E [Failures/10

Y s o e

DRIVE MECHANISM Failure Mode: Disconnegt Failsjto Operate

Disconnect
Pins 1.0 1 2 1 2
Pin Springs 0.5 1 1 1 .5
Restrzining Ring 1.0 38 2 1 76
| ~ 78’ 1
Failure Mode: Cdnnectel Compoénents Sieze ﬂ

Eleciric AC Motor

Bearings 2@ 38 2 1 - 152
4000 rpm
Gear Train (4 gears) 8 38 2 .5 304
Harmonic Drive

Wav: Generator Bearingg 1 38 1 1 38
Flexspline/Circular

Spline 6 38 2 .8 365

859

Failure Mbde: Untonnected Componente

Page 8-23

: __S_Leze
Brake '(fa:ﬂs "on't) ‘
Actuator 1 1 1 i 1 s
Spring 2 38 1 .5 38 o
Wheel Bearings (2} 12 38 2 .5 456 S
495 i
|
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L.SSM FAILURE RATE ESTIMATES: 12-SORTIE MISSION (Part 3)

- ; Failures/ | o
SUBSYSTEM/COMPONENT 106 hrs. | thrs.] K E Fa.ilures/l()"
Failure Mode: Components Fail to Drive . 73
Electric AC Motor _
Stator Windings 1@- 38 2 1 76
‘ 1650 C
Gear Train (4 gears) 8 38 1 .5 152
Harmonic Drive ,
Flexspline Structure 3 38 .5 1 57
Flexspline/Circular . '
Spline’ 6 38 1 .2 46
Structure
Housings 2 38 1 1 76
Drive Disconnect ' .
- Pins 3 38 1 1 114
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- LLSSM FAILURE RATE ESTIMATES: 12-SORTIE MISSION (Part 4)

MBS
~ Failures/
EM NEN ‘
SUBSYSTEM/COMPONENT 106 hrs. t hrs.| K E Failures/106
WHEELS
Wheel Structure .
Tread 10 38 .8 0.0 0
Mesh Cover 8 38 .8 0.0 0
Spring Wire Outer
Frame %x360x. 005 38 .5 0.2 34
Stiff Inner Frame 15 1.0 .5 0.8 6
Rim ' 3 38 .5 1.0 57
Wheel Disc 3 38 .5 1.0 57
Fasteners 1 38 .5 0.3 6
160
TOTAL
{6) unitg 960
STEERING
Motor 18 10 | 1.3 1 234
Bearing & Bearing
Surfaces (9) 9 10 1 .5 . 45
Gear Train (4) 8 38 |1 1 ' 304
Ball Screw & Naut 4 33 ) .5 76
Steering Link (2) 2 38 1 .5 38
Bellows (2) 6 38 .8 .9 164
Hag.vRestraimnents 3 38 1 . 05 6
867
TOTAL _
(2}units} 1734
DRIVE POWER DISTRIBUTION
Controller-inverters 78% 38 1 1 2964
* From|Referesce (e)
D2-83012-~1
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Z e e - .
o fe re— -

ESTIMATE OF LSSM WHEEL DRIVE MECHANISM RELIABILITY

uccess Definition: Mission may continue with one wheel drive seizure or two

~ 'heel drive failures to drive. {This redundancy allowance is less conservative
han that reflected in reference {d); results using other criteria are included in

his enclosure).

= P (exactly one wheel seizure will occur)
subsystem r

+Pr (no more than two failures-to-drive occur).

let: P =P {seizure)
s r .
P_= P (failure to drive)
F o
PC: Pr (good)
6 5 ¢ i _6-i -5 5 2 4
Ré-(l) P_ P6+i§o , Pp Pg = 6_PSPG+ 6PFPG+ 15 P P,
> (seizurej:
Unconnected Drive i Connected
Wheel @——1 Components Disconnect Components
(u) (d) (c)

Ps = Pr (connected components seize and discorinect cannoct be operated

'r unconnected components seize or both connected and unconnccted compenents

ieize).
Ps = Pr (c seizes) x Pr (d cannot be operated) x Pr(u does not seize)
+ Pr (u seizes) + (o).
P3 = {, 000859) (., 000080) (. 999505) + [, 000495)

PS = ,060495

(Note: Values obtained from enclosure (4), pgs.2 & 3,

developed using ref {(d) ).
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—t

-

R e

Subsystem R:

TR LN PR K« Oty LA BRI 1 6 I e T DTV L, T S gt ATINRN R DR T Sanr ol - oY S

pq = ,000495
= . 0]
pF 0006521
3 = Q)
¥ G . 9,898v4
R =
S
2 4
+ 15 (,000521) (.998984)
R = .999988
s ————————————

For other ""'success' criteria:

Failure Allowance
w/o Mission Failure

None — All
Wheels operate:

Crne Wheel
yerZe 5.

Cne whee!l fails
to Drive:

Two wheels fail
to Drive:

Drive

Reliability

.993919
. 996874
. 997029

. 927033

T L i i o o S it g o 2 2 e R i ]

6 (.000495) (. 998’984)5 + (. 9‘5‘8984)b + 6 (,000521) (. 998984)5

Mobility System
Reliability

. 9806155

. 389087

. 989241

. 989245

D2-83012-1
Page 8-27



R

9.0 CONCLUSIONS

This report has discussed the process leading to the selecticn of a 6 x 6 semi-
flexible frame vehicle as the preferred LS5M baseline concept. Analytical,
scale-model and computer techniques for evaluating the mobility performance
of vehicles in general, and the baseline LS5M in particular, were described,
A preliminary design was performed, in sufficient detail to demonstrate

feasibility and to develop a substantial degree of confidence in the ability

to implement the design. the LSSM mobility system consisting of the foliowing

subsystems: -

o Flexible wire frame wheels

o Individual wheel drive mechanisms with AC induction motors
and harmonic drive reduction

o Identical parallel arm suspensions with torsion bar epring element
and linear hydraulic demper

o Identical DC motor drive Ackermann-type cross-link actuators
for front and rear sets of wheels

o Chassis-Frame consisting of forward and unit box structures,
flexible tubular rods connecting the two units, and a telescoping
pitch limiter,

o  Electric drive inverter-modular control system

Some of the major conclusions reached during the course of this study were:
o Based on considerations of mobility and reliability to increase
the probability of mission success and crew safety, the preferred
concept for the baseline LSSM is a 6 x 6 articulated frame vehicle.
o The use of six individually ppwered wheels and two-axle steering

provides important redundancies in case of mechanism failure.

D2-83012-1
Page 9-1




